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ABSTRACT 

Advances made in elementary particle physics In. 
receut pears are helping COsmOlOgists to understand the 
very errly history of the Universe (t << 10B2 sac). At 
the seme time particle physicists nov routinely use the 
early Universe end varioue contemporary astrophysical 
l nVirOamSntS (red gientS, UeUtrOU SterS, atc.1 es non- 
trad~itionel HEP leboretories in which physics et very 

high energies (>>. 103 CeV) can b. probed. In this talk 
I vi11 review both of these aspects of the ‘Inner Space/ 
Outer Space Connection. ' 

IITBODUCTION 

In the pest five yeas or so progress In both elil- 
mentary particle physics end In cosmology has become 
IncrereIagly dependent upon the Interplay between the 
tvo dlsciplin.s. On the particle physics sid., th. 
SU(3)c x SU(2)L x U(l)T-model seems to very accurately 
deecrlbe the interactions of querka and leptons et ener- 
8Iee below, say, 103 GeV. At the very least. the so- 
celled steaderd model Is a setisfectory, effective lov- 
energy theory. The frontI.rs of particle physics DOW 
Involve energies of much greeter then lo3 C.V--energies 
vhich are not now eveileble In terrestrial accelerators, 
nor era ever likely to be available. In terrestrial accel- 
l retors. Por this reason particle physicists have turned 
both to the eerly quiverso with Ite eseeatIally unlimited 
energy bud to 10lg CeV) end high perticle fluxes 
(up to lolK;~s s-11 end to verious unique, contem- 
porary astrophysical environments (centers of main se- 
quence stars where temperatures ree 

1014-10 
neutron 

stare vhare &eneItIes. raech our gel- 
exy whose megnetic field ten Impart to a Dirac 
megnetfe charge, etc.) oe'non-treditionel leboratoriee 
for etudying phys=et very high enerpiee end very 
short distances. 
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0. th. co..oloqic.l ,id.. th. hot bin bong .od.l. 
rb. . . e.1l.d .t.od.rd .od.l o: so.=ol.~,. I.... to pro- 
“id. . . .cc.c.~. .ce 
..r.. fr...bo.t lo- P 

u.ti~~ of th. hf.ror, of th. Oni- 
..e .ft.r ‘th. b..s' vh.. the t..- 

p.r.t.r. . . . “bout 10 neV, until cod.,. .o.. IO-20 bil- 
11.. ,..r. ,ft.r ‘tha bans’ ..d t..p.r.t.r. of .bout 3 L 
19 3 * 10-l GH). Ixt..di.8 our ..d.r.ta.dlag furth.r 
b.ct. t. ..rLi.r ti... ..d bi~bmr t..p.r.tur... r.quir.s 
k.o.l.dg. .bo.t tb. f.od.m.t.1 p.rtic1.n lpr..um.bl, 
qu.rk. ..d 1.pt.n.) ..d tb.ir i.t.r.cti..o .t ..r, bf2b 
l ..r~ie.. 70; tbi, ;..,a., pro‘;... i. eommolo~, b.. b.- 
. . . . 3i.t.d t. pros=.., ,a .l....t.r, p.rtiel. pb,.le.. 

2. tbl. r.vi.. I'.111 fosu. . . both ..p.ct. of th. 
i.t.rpl., b.t.... p.rtlcl. phymic. mod so..olo~,. I 
will b.,i. b, bri.fl7 r.vi..io# th? .ta.d.rd co..olod,. 
1 "ill tb.. df.c..i tb. l.plis.tio.. of th. t.. .o.t 
l p.ct.c.1.r pr.distio.. of sr..d .rifl.d tb.orl.. 1CDT.) 
(b.r7.,. . ..b.r .o..o...rv.tio. ..d l .p.rh..v, ..cn.tis 
~ooopol..) for th. .t..d.rd so..olod7. . . ..cc*.sf.l l . 
it i., Lb. hot bl( bc.‘ mod.1 f.il. to .eeo..t for . 
mmmbmr of v.r, f..d....t.l c.i.olodie.l .b..rv.tio..l 
f.ct.. i.cl.dl.# Lb. I.=(.-.r.l. l.otr.py ..d h.rovn.it7 
(of tbw .b..rt.bl. O.lv.r..). Lb. .m.ll-.c.l* i.b...‘P 
.*it,. th. . ..r crit1c.l .xp...l.. r.t. (or t1.t.*.* of 
tb* 0.1v*r.*). .od In tb. e..t.xt of COT.. th. f.ct tb.t 
. . do ..t Ii.. f. . ,O.,tO 7r old 0.ir.r.. wb.r. tbm .OD- 

wi.. l .d.1. .rldl..ll7 eo...i..d b7 Cuthl ..d d.r.1.p.d 
b7 LI.d.2 ..d Alb,echt ..d It.i.h.rdt~ ‘o . 1o.g r.7 to- 
vmrd r...lri.p rlae.. co.m.lo~ic.1 cosundru.. l..d 1.7 in 
t.et ..li. Llm.). Aft.= dl.e..,i.‘ i.fl.ti.., I "Ill .d- 
dr... tb. q...tioo of tb. ..t.r. of th. dmrt ..tt.r 1. 
tb. u.ir.r.*. lmtmtiom .urv.. of .pir.l 1.1.x1.. provid. 
c...i..i.~ ..id..e. tb.t th. d.rk e..p....t of ..tt.r 
‘..t..i~h.’ tb. 1u.i.o.. so.po...t b, . f.etor of .t 
1.m.t 3-10. ?.rtlsl. ph,.le. h.s b... r.r, ,...r.u. 
1p.rb.p. too ~...r...l) I. ptovldiad c.nd1d.t. p.rtfcl. 
.p.cl.. (l.cl.di.~. . . ..I*. ..utrl.o.. . . ..trl.o.. 
polo.. pbotl.... ~r.rltioo.. .xi..s. p,r‘om.. l tc.1 .?..- 

rho.. r.lic .b..daoc. (from tb. bi& b..l) roulfirorid. 
th..... d..,lt) b.... to b. co.tr1b.t.d b, thm dmrk 
c..p.r..t . A. I mill di.c.... Lb. ..t.r. of th. dmrt 
..tt.r b..r.~.i~.ifis..tl, o. Lb. qu..ti.a of ~1.~7 
f.rm.ti.. .ad th. formrio. of l.rd.-.e.l. .tr”et”r. 
(rold.. .up.rcl..t.r.. fil.m..t.. .te.) 1. tb. O.lr.r... 
71n.117. 2 "ill r..i.. ho. l tr.pbfSTc.1 .nd .o.m.l0~2- 
e.1 .b..r..ti... h.r. b... 09.1 t. co.8tr.l. i. . .lt- 
niflc..t aad ..r7 i.p.rt..t r.7 tb. pr.p.rtl.. (D...... 
lif.tim.., ..d ..mb.r of Il.-r.) of . ..tri.o.. th. CO.- 
pll.# .tr..dtb of .x2... (.qulv.l..tl, th. ?.cc.l-q.1.. 
.r”.try br..ti.8 .o.l.). l md tb. Il.. of r.lie ..p.r- 

II...7 ..‘..tiC .o.opo1*.. 

IPC SlA"DAPD co~"oLocl' 

tb. hot bi‘ b..‘ .od.l nlc.1, .cco""t. for Lb. u.i- 
r.r..l (lubbl.) .xp.naio.. Cb. 2.1 1 co..ic rierq..". 
b.ebCr...d r.dl.ti... ..d throudh prl.ordi.1 .ucl.o.,.- 
thaa I, 

t 
th. .b..d..e.. of D. 40. ..d p.rh.p. .l.o 3S. 

..d Ll. ‘i‘ht r.c.1r.d fro. th. .oot di.t..t ob,.ct. 

.b..r..d.(qlO. .t r.d.blft. = 2.2) left Lb... obj.et. 
rb.. tb. O.l..rr. . . . 0.17 . f.. billlo. y..r. old. Thu. 
.b..c..tio.. of ‘.l.xla. .llo. . . to dIr.erl, prob. th. 
bS,tor~ of th. “a1r.r.. to rltbf. . fo. billion ,..rr of 
‘Lb. b..#‘. Th. ..rf.e. of l.,r ,s.tt.rin‘ for th. .icro- 
I... b.c,dro..d i. th. 0.ir.t.. .bo.t 100.000 ,r. .ft.r 
th. b..‘ rh.. th. t..p.r.t.r. "a. .bo.t l/3 .". I@. 
tb. .irr..... b.ektto..d i. . fo..il racord of the O.i- 
..r.. .t tb.t ..r, marl, .poch. In th. l t.adard co...l- 
01, th. .poc 
fro. t l lo- 0 i 

of bil b ., ..cl.os,.th..lt tmt.. plac. 
..C - 10 ..c "h.. Lb. t..p.r.ture Y.. = 

10 Il.7 - 0.1 ". 
8.1117 0. 21.. I* 

Ih. 1iBbt .l....t. .,.th..fr.d. pri- 
m.. ..d 7L.i. .r. r.lic. from thl. ..rly 

.p.eh....d rho. c..p.rl.~ tb.ir pr.dlst.d bid bang abus- 
dame.. with tb.lr i.f.rr.d pri.ordi.1 .b..da.c.. i. th. 
..,t .tri. ..t t..t of th. .t..d.rd comolo‘, Y. h.r. .t 
pr...mt. t lot. tb.t 2 .u,t .., i.f.rr.d prl.qrdi.1 .- 
bumdanc. b.c..,. c..t..por.r7 ..troph,.lc.l proc..... 
c.. .ff.st tb. l bumdame. of th... llqht 
.t.r. ..r7 .fflci..tl7 burn D., aad produc. 
,r....t th. pr.diet.d .b..d..c.. of D. 
.r. .ll l 2m.lt...ou.l, to..i.t..t rltb th.ir 1of.rr.d 
7rim.rdl.l .bu.d..c.a . . long . . th. nu.b.r of litht 
(6 1 ".,) ..utrl.. .p.ci.. i. 1.m. th.. or .q..l to 4. 
..d tb. b.r,o.-to-photo. ratio II i. ia th. r.nd.4 l... 
V1~ur.o 1 mod 2): 

9 l (4-7) I10 -10 . 11) 

Tb. b.r,o.-to-photo. r.tio 2. r.1.t.d to th. fr.ctio. of 
critic.1 d.m.ity contrlbutad b, b.r,o.. b,. 

II - 2.03 x 10-d Pbb2 (2.7 K/I)'. 12) 

rb.r. Lb. q ubbl. p.r...t.r B 
1 

- LOO h k.,-l "PC-', and T 
f. a. pr....t t.*p.r*t.r. 0 th. ~08.1. .l~ro.... b.cL- 
#r...d. Ob..rv.tio.. .tro.21, .u,g..t th.t: 4 2 h 5 1 
l .1 3.7 K 17 2 3.0 E. .o that tb. e..cord..t r.ng. for 
e impli.. 

0.014 1 Ob 5 0.15. 13) 

h. b.ry... .l... ~....t provid. tb. el..ur. d.n,it,. 
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fil2= 10.6 min 

+ ,@-?j xib+J 

;; 

llp” q KTg 
l‘i .I‘. 1 - Tb. prcd1ct.d prl.otdi.1 .b.ndmne.. of D. 
+-i% .ad 7~i (rq(.) - 10.6 .i. . . . o0.d: .rr.t bmr 
.a.:. ST: - * 0.1 .,mr I- I . ..* fr.etioa of '09). 

C...i,t.ae, of tb. pmd1ct.d 
.b.ad..ca. with ob..r..tio., e.. 0.1, b. . h1.v.d for 
I, (- bsrya.-to-photo. ratlo) - (I-7) s lo- TO and II, 
(- . ..bc. of li& aeutriao ,pacIw) 1. 4. lot 4 6~ 
q/10-10 6 7, 0.014 < "6 6 0.15. 6.. r.f. 6 for ..r. 
d.t.il.. 

I ’ 1. * . I - ’ - - I ’ * . * 

. 
. 

0.30 - ) m?- 
I * ?w 

Y - @wm mm 
. 1’ 

-I - 

-.g;: :“w ” . - 

. . 
m 

0.21 ’ ’ * * ’ m * . * ’ * * * ’ ’ . ’ ’ * aoos au 0.015 0.02 

21*2.2x,.1 
- Srmmmr~ of d.t.r.lo.rioa. of ‘I. ..I. It&- 

. . . f..ctio. of tba ..tal 
.b..d..c Z(--lot. pr~cisd~. 2.2 tl... tb. . . . . Irae- 
tiom ot 160,. 8lb.r. Lb. ..tal .b..d..c. 1. lorast. . . . 
..,.ct. tba .t.llat co.ttib.tio. to 1 to b. tba .m.ll..t. 
Tb. d.t. .xblblt tbl. trend sod cl.arly mbor tb. exist- 
. . . . of . prlmotdi.1 47l. . ..p....t of about 0.23-0.25 
(br IW~). ?ot .ot. d.t.11. I.. r.f. 6. 

iPP - 'th. Co.pl.t. victors of tb. Upi.....'. 
sh llht. iaclmda: d.co.bli.~ (t = 1013 ..c, t - lI3.V) 

- tb. .orf.e. of l..t .e.tt.rio~ far th. eomie micro- 
. . . . b.ck8ror.d. .p.ch after whleb ..tt.t .nd r.dl.tl.8 
y: ;g~irj~:~‘~~,~.J ..tt.r ‘r~combim~m’ into owt.*l 

ti). .l.o urkm th. b.aiani.8 of 
CL. for. 

3 
ti.:ot airuetii.: ) timotdi.1 arel;o.rath,.i. 

(t l lo- ..e. t . 10 li.V) - *loch dtlti.~ rhieh .ll of 
the Irae n.tltrom. mod 
tbwised into II. ‘Il., 

it,.. aI tb. fr.. protom. .r. .,.- 
8.. a-1 ‘tl. l d th. .mrt.c. of 

hat .e.tt.ri.#,for th. . ..mic .f.tti.. baek8rormd*’ 
~tmrtlbadroa transition (t - lo- . . . . T - fmw 100 W.T')- 
.,OCb ol ‘q11art .aal.r....t' 

1 
eoofiammt er~o9itioo in 

W(3)): V-S-0 .p.ch (t - 10-l ..c. f . lo3 Cc',) - 660 
pb... tt...itio. .,,oci.t.d ritb .l.etros~;~k brmkim8. 
UJ~~",~,xU~;' - O(1); C;' .p.eh (Yft - 10 ..e. T . 

- I88 of t . GUI, drtln2 +hleb th. b.rTo. 
..,...tr, or the Oniry~ ~ro1v.s. .oaopol.. .r. pro- 
d.e.d. sod ‘1 
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mot.. th.c other l.tfor..tion Y. h.v. *bout Ob (a. 
1.r.r b.u.d b...d upol, th. ..ount ot luoirmu, ..tt.r I. 
tll* tlni..r... Ch. tot.1 ..oumt of ..tt.r . ..oc..t.d with 
. g.1.q) 1. coa.i.t.nt rich thi. r.nt.. Th. concord..c. 
of tb. p..diction. ..d ob..rv.tio.. of D .nd ‘6. .t. p.r- 
ticul.rl~ eo.p.lll., .vid.nc. b.c.... fb.r. i. "9 known 
e.mt..*.r.r~ 
..oumt. of 

.,trophy.ic.l .it. rh.r. th. 0b.rrv.d .,qu”t. 
8. (. 252 b, me.,) .nd D (D/S = f.” x 10 1 

e.. be ptoduc.d. lt i. th. .uc....ful prrdiction. of 
bil b..s .ucl.o.,.th..i. th.i ‘i... U. co.fid.nc. I. th. 
l candaid mod.1 b.ck to l lo- ,.e .tt.r ‘th. b..6’. 

0. the l.r#. .e.l. (,B 100 Ilpe). th. “ni..r.. i. 
i.otrople ..d ho.o6...ou.. ..d IO it c.. .ceur.t.ly b. 
d.wr1b.d by the Iob.rt.o.-Y.lk.x lin. .l....t4 

d.2--dt2+,L(c)~[dr2/(l-kr2)+t2d~*+r2‘i.2’3d~z), (4) 

daor. do2 i. Ch. pr0p.r ..p.r.tlo. b.tr... CY. event.. 
k-l. 0. or -1 i. tb. t.r..t.r. .i,o.tur.. .md P(t) i. th. 
.o..t. .C.l. 1.ctor. Th. .xp.n.io. of tb. Il.i..r.. is 
wbod1.d i. l’(t)--.. I(t) %.et . . . . . .11 proper (&.m..- 
l mrod b,..t.t .tick.)di.t..c.. .c.l. with k(r). ~tgt, 
tb. dl.t..c. b.tv..m tro &.l.zi.. co.ovi., with th. .I- 
peamion (b, C1x.d t. 8. 4). tb. v.r.l..~th of . photo.. 
Tb. k>O ,p.c.ti.. b.. po,iti.. .p.ti.l c.r..tur. .nd i. 
fir,ic. I,, .xt..t~ th. kg0 .p...tl.. h.. n.B.tis. .p.ri.l 
e”r..tut. ..d 1. i.fi.it. i. .xt..t; tb. k-0 .p.c.ti.. i. 
l p.ti.lly f1.t .nd 1. ,180 inKinit. i. .xt..t. 

Th. .rol.tion ol th. comic .c.l. fector I. dersr- 
m4n.d by tb. It1.dm.n. .qu.tio..r 

m2 9 (i/n)' - 6.W13 - k/R’, (5.) 

d(P6’) - -p dt6’). (Sb) 

.h.t. p i. Lb. tot.1 . ..r., d...ity .nd p $. th. pr...ur.. 
T,. .xp...io. r.t. a (e1.0 e.1l.d th. lubbl. p.r.8.t.r) 
..t. Lb. eb.r.ct.ri.tic rim. for th. 6touth of ll(c)-W1 

rim. for 1. 
= h 

fly pr....t v.lu. of R 1. 100 h 
(1010 yr) (4 1 h 2 I). A. c.. b. . ..n 

from .qm. (Se) .od.l Q.iv.r... with k 10 .xp.nd for- 
. ..r , r.11. . mod.1 ".i..r.. with k > 0 . ..t .r.ntu.ll, 
r*.ol1.p... Thi .I,,, of k (.nd h..c. th. ‘.o..tr, of 
.p.e.tim.) s.. b. d.t.rmi..d fro. . . ..ut...nt. of P .rrd 
II 

kl,2,2 - P/(3c92/r.C’ - 1. (6) 

in-l. 

wb*r. 0 - PIP,,~, end perit - 3I'l8.0 9 l.L18h2.10-z9~c.-3. 
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Ire. pri.ord1.l o”el.os,.tb..i. 
0.014. The beet “pp.= limit to 
Inr the .I. of the Qa1.erm.r 

“. koor th.t 0 L 0 
II follow. b, eon.‘ 8 

a 
.=- 

% - 10” ,r (h-120Y)). (7) 

rber. f(n) 5 I .nd 1. moaotoale.11, d.e=...1.9. Tb. 
r. (I. 8lobul.r c1u.t.r.) .troql, 

i.pli.. thee: !f2(R, a Oh . 
co.biaina tbi. ri 

I 
h l q.. (7) 

Tb. f...tio. Rf 1. .omo- 
tooiegll, imx..min~ end ..,.ptotic.ll, .p towbern 
(./2) , i.pl,ing thet ind.p.od..t 02 h, Oh ! 4 2.S. Il.- 
.t lstia~ b to the ‘r,t.r.al (4. I) it follow. th.tr 
S-lb 3 

coatrib.tod,by ooorel.tir2.tic 
..tt.r r.ri.s . . r(t)- --do. to Lb. tact th.t the n..b.r 
d.a.It, of port‘elm. 1. diluted b, tb. inere... in the 
proper (or pb,.ic.l) rolu.. of the (I.l~.r.. . . it ox- 
p..d.. lo= . r~l.tiri.t‘e .p.ei.. Lb. . ..rs. d...it, 
.*ri.. .I I(t)- , Lb. eat=. f.etor ol I do. to CL. tmd- 
l h‘ft1.t of tb* pertiel.‘. .o...t”. (=,e.ll A o I(t)). 
The l aor9, domolt, eo.tr1b.t.d b, . ral.tiri.tic .p.ei.. 
(T . . .) .t t..p.r.t.r. T 1. 

P - 9,,1"2T4/3b. (8' 

rher. serf 1. the “o-b.= of d.6r.o. of freedo. ror . 
bomomic spoeiee. cod 718 th.t number for l fermio~ie 
.p.c*... lot. th.t 1 - I(t)-l. I.=. mad tbro.gbo.$J 

(. 
Pl 

- 1.22x1019 C.(l). end 1 CN4 - 2.32&’ . 
lode,. the .o.rs, demeit, eontr1b”t.d by f.;:ti.i.- 

.p.ci.~,~il12d~;in.t. th; .a.r#, d...it,. ror R/R rod., 

l ac(nh2)- (Tl2.7l0’4 
(nb ) $TlZ.‘,C) rbich eorr..po.d. to t 4 

..d T a 6 .V COh2)(2.7K/T)‘, 
tk. .a.=‘, d...ltl Of the Dm1r.r.. . . . do.i..t.d b, tol- 
l ts.1 Cl.2 p.rcic1.e. 
l(t)- 1 S‘.c. the eur..t"r. ter. ..rl.. . . 

. it too will b. ~8.11 coopered to th. .a.ts, 
d*n*‘t? c*.t=‘b*t.d bl r.~.t‘.i~t‘e p.rtf=+. ..d eq.. 
(5.) .‘.Pi‘fi.. CO: (R/R) - 4” ,.T4/43. 

19pli.e: Pl’ 
which 

R(L) = t4 (9.) 

T(t) . l.4.;1’4(t110-6..c)-4 ~a=. Ob’ 
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Wlid for t a 10” ..c, T & 10 09). Uira 8, emomt. Lb. 
tot.1 . ..b.r of l ff.ct1.m =~l.tivi.tle d.~r..s of rr..domr 
fried .* ‘ ('I) . 3.36 (y.vv): K (few I4.J) = 10.75 
(Y,..f. "48 Be (Cmr 100 C.0) . 110~ (y. Y 2.9 91.0... 
3 I..ili.. of qretk. .o+ l.pton.. 1 9199. doob1.t). 

Altbor9b o.= r.rifi.bl. k.orl.d(. or tb. ""1 him- 
tar, of th. Omi..r.. 0.1, t.k.. . . beet to t . 10 ..c, 
mod T 0 10 W.V. aothi.9 1. 0-t pr....t “ad.r.t..di.~ 02 
tb. 1.~. ol pb,.le. ..#e..t. tbet it 1. I.= 

-23 
.o..bl. to 

l xtr.po1.t. b.ek to ti... ..l$.;t;s..,; :tb 
t..p.=.t.=.. . . +i@b ., . 10 

.::;I;;; 

tb. ‘.t.r.etio.. 02 q..tk. .od l.pto.. .=. i.,mptoti..ll, 
Irk (bud/or week) j..tit,i.9 th. dilrt. I.. ‘pptgfi- 
..tio. .id. 1. .,.. (O), ..d .t . ..t@i.r b.lor 10 0.V 
c.i.tm. eorroetio.. to s.o.t.1 =.l.Llrlt, .t. .xp..t.d 
to b. . ..ll. 1 b.tdl, a..d to r..i.d rho r..d.r tb.t 
‘oat rar...o==bla’ do.. .ot a.e....ril, I... 'e.rr.ct'. 
Uaklm# thi. .xt=.p.l.ti.,. I b.r. l . ..mri..d ‘Ih. 
C0.pl.t. Uimtor, of Lb. U.i..r..’ 1. Ti~ar. 3. 

.- . . 

TU# lIA1UA9K 01 OUT. MO TUE 
STAUOARO COIWOl.OCT 

Ot.sd 0.iCi.d Tb.o=i.. ..k. t”o .t.rtli.9 predic- 
t1oo.r (1) int.r..tl... .bick .l.l.t. b.r,o. ..d l.P- 
to. =..b.t eo...rr.ti.m: (2) jh. l oimt~ne. of l tmbl.. 
.~p.rb..., ..~n.tie l ..opol.. . 10th bar. ..r, impor- 
t..t e..mdlo~ir.1 eo...9r..c*i. Th. pr....e. of b.t,o. 
mm-eoa..=..tioa I. 001. . . . . . tb.t th. b.r,o. a.=b.r of 
tb. (lair.=.. i. mot f1o.d --this t-r.. ost to b. . ..=. 
8o.d Lb,., lox tb. .t..d.rd .o..olow. Tb. pt...... Of 
..p.=b..., ..,a.tSc .o..pol.. 1. GOT. . ..a. tb.t tb.=. 
eo,ld b. r.11. momopel.. l.Ct o..= ft.. . ..=, ..=I, 
op.&--tbi. t.rm. o.t to b. . ..r. bed tblaa for the 
.t.md.rd eo..olow. 

I.t~or*...i. - Altbo.#b tb. 1.~. of pb,.ie. .=. ye=, 
m..rl, ..tt.c-.“tI..tC.r .,...t ie 

k? 
(tb. 0.1, ob..rr.d 

viol.tio. b.in9 tb.t 29 tb. top- .,.t..), tb., 0.iv.r.. 
.pp.=..tl, I. ~1 Tbot. It q . .rid..c. fo...ppr.oi.bl. 
q...t1t‘.. of .ati..tt.r I. tk. O.ir.r..: UASA heb ,.t 
to lo.. . .p.e. prob. d.. to it ..t.ihll.ti.~ with ‘..ti 
l tmrr 1. Cb. 901.r .,.t... Co..le r.,. eirco1.t. 
tbro.2ho.t tb. 9.1.x,, .ad provide II. with . ..pl.. Of 
..t.=i.l fro. .I1 pmt. or th. tel..,. Th. r.tio-I!- 
.mtiprotoa. to ptoto.. i. the eo..ic r.,. 1. -10, 
.ltho”9h this r.tio i. mot pr...otl, eo..i.t.nt with .li 
of th. ..tIp=oto., b.1.. prod”e.d I. .n.t#mtie eo.=ie c., 
protoa collf.ioa.. it 1. co..i.t.nt with th. l bmeae. of 
.pp=.ci.bl. ..o”ni. 02 ..ti..tt.r 1” rho :.1.x, (lo= 
Irttther d‘.eu.,lom of the .atip=otoa pu..l. . . . =.f. 8). 
,i”.ll,. if cl”.t.r. of 9.1.x1.. eoclt.1n.d both ..tC.= 
9.1.,,‘.. .nd .nti..tt.r 9.1ax‘e.. than the ‘ntr.el”.t.= 
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6.. rould coate‘n both ..tt.r .“d .nt‘..tt.r, .“d vould 
be .Sl.r vitb y r.,. fro. ..tt.r-..ti..tt.r ..~‘h‘l.tion.. 
,or remrb, clumtmt. like Vir60, Lb... y r.,. l r. .ot 
. . . . . [The i..u. of ..t‘..tt.r lo. tb. ".,..r.. 1. thor- 
."9bl, r..i.r.d in ref. 9.1 

Tb... ob..r..c‘o~. 1m.d U. to belie.. th.t Char. 1. 
DO l p,t.c‘.b1. qu.atit, of ..t1..tt.t la Lb. O.i..r..i 
-0:. 9*..1.*1,. t l cmleo z l no, ,,lg: if$;r. ifs it .u.t b. ..p.=.-d 0. 

-10 II t..p.cti..l,--this 
ob..r..tlo~ .l... 1.S:....ti.11, f.p...lbl. to r.co.cil. 
mitb .., b.r,o. .,...trIc .o..olo6,. I "ill . ..".. tt8.t 
.b S> 05; tbs. the b.r,o.-to-photo. r.tio ” 1. .l;-,tb. 
be=,.. .u.b.r (- a 
. ..b.t of photo.. i 

-.i)-to-photo. .u.b.+ rmtio. 
a tbo Onirmrmo hem .ot bee. cooserved. 

bt b.. incr....d . . ..r‘ou. . . ..i.. pmrticl. .p.ei.. 
.n.1hil~t.d (m, .* p.ir. et T l 4 lid'). lo....r, 
the tot.1 l otrop, b.. r...i..d eo..t..t (...u.i.‘ thet 
tk. ..p...io. he. b... .dl.b.t‘c). Tb. ..tr.p, 1. do.- 
Ioeted by tb. eo.tributi.. fro. r.l.ti.i.tic p.rtic1.m 
(end I. . . ..b.t 0r r*l.tIri*tia p.~t‘el..) Tb. en- 
Crop, d...‘t, . . (4f’)P IT - (21 I45)‘ Tj mod cod., 
m-7. Thu. the b.r,6:1...b..-t.-..tr~p,“. 

Y’ 
asI. = (117)s = (I-10) x 10 -11 (10' 

--. ra~io .hi~b rom.iuo fixed mO iona . . a i. l rr..ti~.i, 
c....c..d mod the ..p...io. I. .di.b.tie. This rmtio 
..a b. ri‘htl, s.1l.d the baryo. “u.b.r of the U.i..r.. 
(IO spit. 0r its rmtbot ~~~~~~~ v.ium l .xP(-~9). 

AlCbd.~b CL. ..tt.r-.ati..Ct.r Efl...tr, *pp..*. to 
be . ..I..1 rod.,, .6/m b (6-10) x 10 i.pli.. tllmt 
l .rl1.r 0. it . . . "or, tin,. To mm. this. 1st us . ..u.. 
fOt Si~piiSitY tb.t OUdSOSBS S~S the fund.=.at~l b.t,Oo.. 
s.rit~~ th.0 10-d ..c .rt.t *the b.oal.tb. tomp.t.tot. 
vss 8t.et.r th.0 tb. .SSS 0r 0 O~SO.. Thu. ."el.o.. 
mod l ~tiooclooom should b.vo been .bout .m .buod.nt mm 

The l mtrop, d...lt, . 1. . 
Tb. co. t..c, 0r 

( 10-l me.. (OS 
0‘1. 8 

- m~‘l¶l 
Outi.~ it. ..rli..c l pocb. t b. 

oat quit.) bmr,.. .,...trie. 
ZbO DOD-let0 r.1~ of the bmryon orrnber Or the ooi- 

V.~.. is .b.ol.t.l,‘....~t‘.1 (rot ."r l ~1.t.llc.l). 
Co..id.r . .od.l V"‘..r.. rhigb 1. bmryo. .,...ttic 
b‘/. - 0'. Kmrlimr the. XO- ..c .It.r ‘the b..“ 
.rel.... ..d ..ti.u.l.o.. “or. l bout mm .bu.d..t em 
pbOt.... Par T S 1 0.9 CL. l quilibrir. .bu.d.. . of 
..cl..o. l md ..ti.ocl.o.. 1. (.,,I. K 
..r(-+T). ..d mm IL. O~i..r.. ..b,.i :II>!!:!. of 
l .cl.... ..d .ntl.uol.... vovld d.er...., tracking tb. 
l qrllibtiu. .b..d..c. . . l.mS . . tb. ..~ibil.ti.n ret. 

The ..c...‘t, OK . depmrtur. fro. therm.1 .qu‘l‘b- 
r‘u. 1. . bit .ot. subtle. It c.n be .ho.. that C,T 
~...ri.n~. l lore. Su.r..t... that in th.r..l .quil‘br‘u. 
th .“.b.r ol beryo.. end ."tib.rjonm l r. l qu.1 (eve" 
lo tb. prememc. of ‘.t.r.ctio.. “hick v1ol.t. . . C. mad 
cr,. Tb. O.i..r.. 1. 0.1, I. th.cr.1 .q"‘l‘br‘"~ when 
the r.t.. for tb. rm.ct1o.m “hicb drive it to .qullibr‘u. 
l r. r. 
tore ( ! 

id co.p.r.d to Lb. r.t. ol ch..‘. of tb. t..p.r.- 
IT - -I). 0.pStt.l.S fro. Squilibtiurn LSV. OC- 

carrod tr.qu..tl, (theok Sodl)i m, lo spit. of the lo. 
t..p.r.t.r., ..tt.r la th. O.l..r.. I. .ot ml1 lo tb. form 
of I.--the .o.t tiabtl, bouod .ocl,u.. 

Tb. b..ic id.. of b.r,o‘.a..i. b.. been di.cu...d by 
. . . . l tltbot.: CL. .od.l which 1.corpor.t.. S.kh.ro.‘. 
three i.‘r.dl..t. ..d rbicb h.. bmeo.. tb. ‘.t..d.rd 
.c...rio’ I. the so-e.1l.d out-of-.quillbriu. da., .c.m- 
.rio. 1 “111 DO. demcrib. the .c...r‘o 1. so.. dmtsil. 
tbou‘h 0.1, q".lit.ti..l,. 

Oooot. by ‘8’ . .rp.rh..., (a 1014 0.V) bo.on “ho.. 
i.c.r.ctio.. violmt. 1 eo...rv.tio~. 8 ri‘hc Cm e ‘.uS. 
or l Ii“. bomo.. Lot it. co.pli.‘ .tr..‘th to f.r.1o.m 
be 04, mod it. . . . . be LI. Ire. d‘....ioo.l co.~ld.t.tion. 
its dmcmy ret. r. - r-2 .b..ld b. r. I an. 

At the ?l..ck Cf.. (9 10 -43 
see) l meu.. th.t the 

O.i..r.. 1. beryo. .,...trie (.Sl.-01. r‘tb .ll Kund.- 
l .-t.i p.rtid0 SPSCISS ~r0rOi000 , ‘eu‘. ..d ll‘~~. bo.om.) 
proomot with .qu‘libri.. di.tribmtioa.. At this epoch 
t - a.+ .pl S 3 a 1018 CmV a> W (her. 1. be.. t.k.. S.s 
OUOO); i. .l.‘..l ‘O(5) Se . 160). so 8. i bo.on. l r. 
..t, tS1.tIViStiC Sod .9 to St.ti.tiCSl f.Ctor. l m l bu.- 
d..t em photo..: .a - .i . oy. SotbiaS of’1.porte.c. 

o...r. until T = W. 
for T ( II th. .q"il‘br‘u. .bu.d 395 . or 1. 5 bornon. 

r.l.ti.. to photoo. 1. qd[ny = WT) .xP(-N/T’. l.,/a, 
1. jut Lb. .u.b.* 0r.a. 8 bomo.. per c0.0.1.* .01"...~ 
I. order for 6. 6 bornon. to ..int.‘. .a .q"il‘br‘". 
.b.ad.... mm T f.ll. bmlo. W. the, .u.t be .bl. to dl.- 
ioimb lo .u.b.r rmpidl, co.p.r.d to I - jt/Tl. The n omt 
‘.p.rt.at proc... lo this r.‘.rd 1. d.e.y; oth.c proc...., 
~&+.lm;:iU::t:.o~ .rm.biah*t otd=;.;m,;;ae::,r~t;> S 

bomo.. ema l djoec their .b”n .,,c. 
(by doe.,’ repsdl; l .0.6b so thee 
.S.llibrlu. v.1.e. XII tbi. c... th r. 1 .qu‘libr‘u. i, 
..i.t.i..d ..d .o ..,...tr, 1. expected to ..ol... 

*.r. l.t.r..ti.‘ I. Lh. e... rbmr. r 
T21. 
1. tqt 

rbeo T - II. OI .q"lv.l..tl, n s 
( S . 1.66a.4 

9, 6-401019 9.9. 
. em‘. 1. i bomo.. l r. u d.c.,‘.g om the .xp.n- 

l 1.m ti...c.1. (1 l t). ..d l . r...i. mm .buad.nt . . 
phato.. for T ( Il. ..d b..c. .r. . ..r.bu.d..t r.1.ti.e to 
theI* .,.llibr?u. m..b.r. This o..r.bmad..r. 1. the 
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depmrtur. fro. th.rm.1 l qu111br1.m. S"cb 1.t.r rbmn 
* xe ii. r 
decrc... P 

- n (&.. t - ~1, end S. 3 bosom. begin to 
m nuvber duo to dec.,.. IO . good .9proxl..- 

t‘oo the, deem, tce.1, .IIIC. ths frmetio. of f.r.ion 
pe‘r. v‘th ."ffiei.nt CII .a.=‘, to produce m. 8. 1 
pe‘r 1. -. .xp(-MIT) << 1, ‘reetl, .“ppr...‘n‘ ‘n..r.. 
doe., prac..... (PI 

mar eon.1d.r f I! 
% S~~(-KITI r. <e 8). 

. d.cm, of 1 ..d a bomonm: SupPOe 

8 d*em,. to ch.a..l. 1 .ad 2 rich b.r,on .“.b.r. I1 mod 
It, o-d br..chin, r.t‘o. r end (l-r). E.sot. tbo-eorro- 
ePOOdiae qu.ntitie. for a by -Il. -12. =, l .d (1-r). 
Iti.. 1 - (ii). 2 - (91). 8 - -2/J. cod I - 113.1. 
The ..~a ..t bmtyoa ou.b.r o t the deem, pro “Ct. of tbS 3 
8 mad S .r. r..p.Ct‘..lJ: 

8s - rB1 + (l-rD2 , BE - -rSl-(1-?)B, . 

".a~. tb. doe., of .a 3. ]I p. c O,I l ver.,. prodmom . 1 
beryom au.b.c E. 

c P B, + Bg - (C-F) (B1 - B,) . 

sb.” the S. x bomoo. deem, (T (( ft. t - 1) ., - .I 
th. “et bmryo. a".b.r deam‘t, produced 

The l etrop, d.n.‘c, . - a, Erio'sd .o the 

Tbl. .‘.pl. pier"=. 1. bore. out b, d.t.1l.d . . ..t.e.l 
produc.d 1. aa/. - r/g. 

c.lc"l.Elo~. (wb‘ch ..on, other tbia‘. ‘adlest. thmt ch. 
. . . . comdltloa for "t o -.q.illbri". dee., 1. a.t l , 
l tr1o‘o.t . . ” , $4 ;Of9 CM). [lo. . .or. dx‘1.d 
d‘.ctl..‘o. of b.r,og....‘., mad . co.pl.te.1i.t of ref- 
.r.ae... l ... l . 

+ 
ref. 11.1 

Tb. cr"e‘. qumetit, 1. tb. C. CP "1o1~t1.n I. the 
.up.rb..~, .,.t... qu..t‘f‘.d by (t-i). L.ek1.g tb. 
COT. (rir) mod or/. c..,,ot b. eileulated pr.ei..lj~, 
mm tba 8. .bu.drac. c..). no....r , so.. *.a.t.1 ro- 
oerk. C.D b. n ed.. It me... very "mlik.1, thee (r-?) 
e.m be rmletcd to the K* 
alrod.). 

- t* *yet.. (14 .1‘0 or ..*- 
tb. dlffIculC, b.‘., thee .ot l oou‘b C. C? 

.iol.t2o. c.. be ‘fad’ up to Lb. ..p.rh..., .,.t... Is 
tb. .l.l.al SO(S) rod.1 ( 
oc l“‘.) (r-i) 1, <e lo- a 

f..‘li.., on. 1 end 0.. J$ 
. llo....r. lo .i.pl. l x- 

t.o.‘om. of .‘n‘~.l 90(S) (.ddiCfo..l ‘I,,. r.pr...,,t.- 
c**a. or . fourth fe.11,) (r-i) 0.0 . ..11. be . O(lO-8). 
I. .ot. co~pl‘eeted CUT. (. &+, ‘0(10).‘6. c.) it 1. 
l lmo l mm? to h.ve (r-i) - lo- , although thi. require- 
..nt r..trict. po..%bl. ,,...tr, bt.,ki., p,tt.tn.. 
B.r,o#.a~.‘. 1. not l dv.rO.1, l ffeetcd b, . lo,,, proton 
l‘f.el.c .(".L... r 

e 
- ='I). end t..d. to be .ot. diffi- 

cult i. .“p.rs,n.. r‘e n od.1. beeeu., of the ioec....d 
‘.port.nc. of 2 - 2 a-noncoa..r.‘n‘ l cettcrin~ pro- 
er.... which e.. .r... . b.r,on .,,a..tr,. 
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Altho.,b b.r,o‘.n..i. 1. oorher. II..= bei.‘ o. rb. 
mm.. fir. footin, mm prl.ordl.1 .ucl.o.,.tb..i.. "e mo. 
et 1.e.t he.. . vet, l ttreeti.. f . ..ork CO= uador- 
l teodi.‘ tb. ori“" of or/. - 10 -fa. A ttmmevork "bieh 
1. SO .ttr.Ct‘... thet I. the l boonc. of ob..r..d proton 
dme.,. tb. beryoo ..,...tr, of the O.l..r.. .., b+ tb. 
best ..‘d..c. for SO.. kind of q..rk/l.pto. UdfiCStioV~ 

Sa..rb..rr n000rola - In 1971 't llooft ..d ?el,.ko. 
l horea th.t .ooopolmS .=. obligeror, la the 10V-O04r1T 
tboor, .b.....r l . ..I-.i.pl. #roup 0 (a, ‘W(S)) 
bromk. darn to . #row 0’~ U(1) "bieh eontmim. l V(l) 
r..tor (.. 

--P 
SO(‘) S #O(2) t S(l)): th‘.. Of =."=... *. 

th. go.1 0 OOirieOtiOo. Those .onopol.. l r. . ..oei.t.d 
with .o.tr‘.l.l to,ol.,, I. tb. SIS,. field r..w..ibl. 

0*ic.1 toot.. if ,0..111. he.. . . . . . 
COT in ,0(5)t II " .e.l. or aas). l sd 

..‘a.tic eher‘. vbleb 1. . ."ltipl. of the Dime cberd.. 
#l.c. tbor. l rimt DO co.t..pot.r, sit.. or pro- 

dreis, p.rtie1.i of . . . . l . . . .ppro.ebi.‘ 10 lb aer. tbo 
0.1, pl.. tbl. prod.otioa mite I. Lb. l mrl, Oai..t... 
l bovt XO- 3 l mc l ftmr ‘tb. be., rbmm the t..p.r.t”r. 
. . . O(1014 0.V). Tber. l r. Cvo ..,. in vbfeh .oaopol.. 
..m be produced: (1) . . top.lo‘ie.1 defmct. dorio, Lb. 
888 0r tb4 OOirid gt0.p 01 (2) IO ¤000~0i0-00t*00~0p01m 
pmir. by . ..r‘.tie p.rt1.1. co 
em. b.. be.. etrdied bI Kibbl.t~~*::::;il:e3,r!:~t '=*=- 
‘.l'do.icb end thlopo~.~. .,,d 1 "ill briefly r..i.. tb.1.r 
1.p.rtm.t e..clr.io.. her.. The ..‘nitud. et the RI“. 
flold r..p...‘bl. for tb. SSl,.f tb. tr.lf1.d #r..p C 1. 
d.t.r.1o.d by tb. .imi.i..tio~ of tb. frm. . ..t#.. So.- 
. ..r , thie does mot omiquely specify tbo dlrmctien of 
tb. li“. field 1. #ro.p l p.... A l baop.l. c.rt..po.d. 
to . coufi‘otmtioo fa which the dfrectfoa of tb. Ill“. 
field I. #ro.p l pee. .t diffmromt po1.t. 1" pb,.ie.l 
.p.e. 1. t.polo‘ic.ll, dietiact fro. the 000rig.t.ti0. 
la -kick the li,‘. field poiot. i. tb. l . . . d‘r.eti.. 
(i. ,roop l pine.) . ..t..b.r. la pb,.ic.1 l pee. (rhieh 
..tr..po.d. to .o ..o.pol.)~ 

ttt 
t t t 

110 .onoPol. 

- - diroetioa .r 
m***. field 
1. *reap l pee.. 

la tb. l tesdmrd. hot bi‘ b.o‘ eo..olo‘, therm l r. 
p.tt‘cl. bor‘..a., I.... the dl.c.ne. o..r vhleb , li‘bt 
l i‘s.1 eotlld be.. p~,.C.d .‘.c. 'Lb. be.“ (t-0) 1. 

t tb. Cl.. of SSB (lo SO(S) T . 
see) the RI“. field em. only_23 

. . ..thl. ori."t itmmlf 0. .e.1.. 4 horimon . ct . 10 
e.. Tbi. result. I. O(1) .oaopol. (topolo(id.l dmleet) 
par horiroa role... The b"r1r.n volume eontmln. . Ilet 
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b.r,or r,u.b.r of .bout (10’9 WIT)’ (corr.spo.dlnS to- 
day to th.t .u.b.r ol b.r,...). ?or SO(S) th. ..,!j.r of 
.o.opol., prod"c.d . . top.loSic.1 d.f.ct. i. O(l0 ) p.r 
baryou-a . . ..i.Sl~C...ll .u.b.r when . . . eo.8ld.r. to- 
4.7 tb.r. .t. O(10 ) l lcrowar~ Qb.tO.. Q.r bcr,oc. I.- 
e.“.. of tbar ralativa cccrtlt,, .o.op.l.m ..d mnti- 
. ..op”l.. do ..t l nmlbi1.t~ 1. .ppr.c%.bl. .u.b.r., ..d 
for tb. .t..d.rd co..oloS, qd SO(S) tb. r.llc .o.op.l. 
.b..d..c. pr.dict.d f. O(10’ ) ,.r bmryoo. 

'h:3 :::;. r..)o.d. LO . pr...uC . . . . d...lt, of .bo"t 10 
critic.1 I... dccclt~l Tbi. 1. tl..rl, i.po..ibl.. 
[Nor. pr..,,.l,, rh.. rueb . 0.ir.r.. coo1.d to . t..- 
p.r.tur. ol O(X) it “ould only bc O(30.000 ~1.) “1611. 
Tbi, e.t.,tropb. i. Lnor. . . tb. .o.opol. probl... A 
.u.b.r of p...ibl. r.,.df.. b.v. b... .uSS..ted; .ll 
L..ol.. .itb.r ..dityl.. the .t..d.rd . . ..oloS. or th. 
.t..d.rd CUT. I. . .o.trivl.l -7. (tar . C.C.OC r.- 
ri.. of tb. . . ..p.l. probl.. a.1 po..lbl. ..l.tlo.. . . . 
r.f. 15.1 Tb. l..... 1. cl..=: tb. .t..d.rd .o..ol.S, 
..d tb. .I.pl..t COT. .I. .at co.p.tlbl.. 1” tba m.xt 
..ctioc I will di,e”.. tba solution rbicb .t pr....t 
. . . . . t. b. tb. . ..t cttrcctl~c--tb ..” i.fl.tlo..r, 
0.1r.r.. .c...rio. 

I ..ntiou in p...lm‘ tb.t if Lb. alut of ..nopol.. 
produc.d . . topolo~ic.1 d.C.ct. i. tb. .t..d.rd . . . ..l- 
OS, C.D b. .wld.d. tb.. tb. ..I, production ..ch..l.. 
,. p.fr productlo. 1. ..r, . ..rS.tlc p.rticl. collimio... 
a, p.rticl.(.) + ..tip.rtlel.(.) + l o.opol. + ..ti- 
.0.0Q01.. [Of CO"*.., Lb. 'IIbbl. prodretlo.' of . ..o- 
~01.. .lSbt b. .o..i.t..t with tb. .t..d.rd c....loS, 
(..d 0tb.r ll.it, to th. .onopol. Klux) II tli. SSI 
tr.n,ltloc oecorrad .t . lo. .noo~b.tcm~~r~tur~. ..I 6 
0(10&C GcV)il IL. . ..b.r. produs.d .I. l.tri..lc.ll, 
18.11 b...".. .o.opol. c.atiS"r.tlo.. do ..t l .1.t 1. 
CL4 tll.ory m.til SIB O.."I. (1. = II - . ..1."~fs~~), 
..d h.r. . . . . . OWa) n 100 II = 100 I . 
t...e. th., .r. . . ..t ,t....t 1. .q"ll~bri".~"".b.r.i 
b.r.v.r , .o.. .r. prodmcwd do. to tb. r.r. eolli.lo.. 
of p.rt1.1.. vlth ..Cf1cl..t . . . 

1436 
Thi. r..ult. i. . 

,r...ct .o.opol. to photo. ratio 
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a’,hv = 10) w..,P &2./I...L (11) 

“hr. . 1. tb. . . . . of th. l anopol~. ..d I... i. th. 

.ft.r SSI. For r.f.r..c.. 
0.V). .ud tb. .o.op.l. flu. 
I. g.n.rc1 dTc*x l O(lO0) 

..SliSibl. .u.b.r of . . ..- 
tb. .u.b.r pr.d.c.d 1. ..ron..tl.ll~ 

. . ..itir. t. .IT . . tb.t . t.ctor of l-10 u.c.rt.i.ty 
Ictreduc.. . . cs~~i;..~ucc.rt.lat, I. tha pr.dict.d 

pr”d”et1”. (for furth.r di.cu,sio. of thi. point ..e 
tar. 17). 

Co..oIo,, ,.~.a to l.... th. ,o.r ronopol. hu.t.rt 
buctr.,. with tw. fir. pr.dIcti..sr that tbrr. should be 
.q..l .,,.b.r. of ..rth ..d .o.th vol..; .nd th.t .ither 
f.r t.. f.. to d.t.ct. or f.r to. I.", to b. con~iStmmt 
ritb tb. .t..d.rd c...oloS, .h.uld h.7. b... pr.due.d. 
Tb. d.t.ctio. of .., ..p.rb..., ..nopol.. rould ..C..- 
..rlly ..nd th.ori.t. back to th.ir cb.lkbo.rd.1 

Tr. . . . ..S.. . ..r.. ..r, cl..rl, fro. the ‘=arri.8* 
of tb. .t..d.rd co.r.loS, rltb COTm'1 , couson*mrr.tioa 
,...r, S..d for eo...l.S,; ..d th. .i.,l..t CUT. ..d 
tb. .t..d.rd e.,.olo,, .r. i.co.p.tibl.--....i.S th.t 
0.. (or both) h... LO b. wd1fi.d. S.th ..I..‘.. .r. 
..r, .lS.lfie..t bit. of i.for..tio. .bout ph,.lCm .t 
..I‘, LiSb . ..rs. ..d tb. ..rll..t .“...t. of th. Oni- 
..r... 

TN,! II,LATlOUALI “PI~L~SE SCZNARIO 

Th. hot biS b.oS co..oloS, 1.. b, .., .t..d.rd. . 
r...rt.bl. .cbl.v....t. No....* * it b.m it. ,b.rt- 
tOllnt9. I, 1t*c1r. it f.11. to .CCO”.L for or .v.. 
.l.cid.t. . .u.b.r of f”.d....t.l c...olo~lc.l f.tt.. 
Tb., icc1ud.r th. l.rS.-.s.l. b..oS..mit, aad iaotrop, 
of tb. C.t..r... th. orlS1. of tbc . ..ll-me.19 in- 
bo.o~...it,. tb. . ..r critic.1 ..,a..io. r.t. of th. 
U.,..r.. rod.,, tb. pr.d”.i...c. Qf ..tt.r (CUTn do 
prowId. U, with . fr...r.rt for und.r.t..di.S this). 
‘tba .o..pol. probl..‘, ..d tb. ..tr... . ..lln... at 
tb. pt....t i.1.. ot Lb. . . ..olo~lc.l t.t. (.. . . ..ured 
1. .., n.t.r.1 .,.t.. of unit.). o&l* 1. l.rs. . . ..*r. 
to Oath’. I.fl.tl.n.ry Ccirmrc. p.r.diS.l. ‘C..C pro*- 
r... h.. b... ..d. 1. r.c.nt ,..r. tor.rd u.d.r.t.ndioS 
tb... ‘.o...loSle.l fasts’ .t . ..r, f”nd....t.l 1.r.l. 
I will b.81. tbf. c.stioc b, r.wi.rl.S tb. e...olo6ic.l 

..d th.. 1’11 80 om LO diccusm mew i.fl.- 
Lb. v.ri..t of Curb’. ori610.1 ,c...ri. vbich 

. . . . . t; b. c.p.bl. OK r...lrl.~ .ll but 0.. of cb. 
pux.l.1. 

..,..~~.“;;“r’;r:‘I ;~%‘:~t:“~o; ;:y:; co . - 
‘Ll,L d,#r..‘.f pi.ci.io. I.otr.plc and ho..S.nc.u. o. 
th. l.r,..t m.1.t ( >> 100 I4pe). Tb. b..t .rfd..c. for 
tbi. i, ,r..ld.d b, tb. "olfor. t, of tbc so~.Ic b.ck- 
#ro..d t..p.r.tcr., 6TlT & 10-l (sm. Vi:. 4 b.l”w). 
Lcrg.-seal. d...it, i.b...S...Itl.. .r . . .nl.otropic 
..p.,,.,.. would r..ult i. fluetu.tlo.. i. th. .lc 

,,.... b.ck~ro..d t..,.r.tur. of . C..p.r.bl. .i... fiTl9 
Tb. c.ootb..cm of tb. ob..rr.bl. 0.Iv.r.. i, p"rr1i.S if 
0.. .:.b.. t. u.d.r.t.od it . . . rcmult of .lcroph,.ic.l 
proc.sse. opcrctl.~ in th. ..rly U.lr.r... Am . ..tio.*d 
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l rl1.r tb. .t.nd.rd eom.0109, h.t portlcl. boriooar. 
tad rho. .ottor cad 
(d.eoupll.9r t a 101! 

mdl.tion 1o.t rib~rou.ly lntaroctod 
1 - 1 l V) rh.: 1.0 to b.co.. 

tha prcooat oboorrcblo*~ciroroo wov eraprimed of * 106 
c.u..lly-dimtiaet rm9iocs. Put .llshtl, dlff.r..tl,. 

- 1T ; 

l li#bt r.lic oootrlcc l poclo., or ..icn.. doooic, pot- 
torbotlon. la tbeoo porticloo coo b.~l. to scar *born rho. 
Onircroo b.co.0. meter-domlnattd. II - b x 10-9 ~rodo, 
for flh2 - 1.1 Oon.ity prtorbotio.. of l .pllt.do 
dplp n 10-2 or 00, co the cc010 of l soloxy (= lOl*N,) 
l t rho tloo of d.cooplio2 l . . . to bo toqolrod to’oeecuct 
for tbo . ..ll-•colo .tr..tor. ob..rr.d todoy. Their ori- 
~I.. Choir spmotrmm (eortolol 
l oict co l ooloo arbor tboa 10 I 

p.rturboc1o.o obould 
‘H,), tboir motcro Codlo- 

boti. .r iootbor.ol), l od tLo eo.po.itloo of tbo dock 
.ottor l to 011 erreiol qrootieoo tar ..dor.to.diod Cbo 
fcr.oti.o of l tro.toro, rblcb to doto mol. l ooomworod. 

?1.t.r../W..r Critio.1 L.r...lo. Rot. - A. I dio- 
.~a64 l otlior II lo Looro to bo io tbo ros#o* 0.614-J-~- 
0.l.C l ,.. (So). 0. e.. b. mitt..‘.. 

0 - 1/(1-r(t)). (12.) 

x(t) - (t/n’)/(8+c6/3), (12b) 

004 rho l xposoiea rot0 0. 

I - 1.,,;u-.w) 4 , (13.) 

- mcp/3: (13b) 

ln.rit 1. the l opo..l.. rot. Is tb. k-0 oodol--o .odol 
Omirormo wbleb l opoadi Corcror. l lbolt l t 0. l v.r do- 
er*cciu~ roto.1 mato the ailthor fI .cr ll/lleri; or4 

ee.,t.ct, th., bath ..t, ultb tim. .I.c. x(t) - I(t)" 
(8-1 - rottot-damlooted: a-2 - rodl.tloo-dor1oot.d). 

l q.lrolootl,. tb. ..po.oloo cl tbo Wciroroo proeaadod ot 
tbo .ritl.olr+o cc . blah doscio of pr.clrlo.. s1.c. 
x(e) Lo. l ppor..tly l lr.yo boa. $ 1. c.r U.1ror.o 1. to- 
d., .cd Lo, b..c 1. th. ,..t elo..l,-.od.l.d by eh. t-0 
Clot co..olo‘,. Nor. the totlo . ooc ..e..dlodly . ..I1 
l orly 00, rho 0.lr.r.o would bore .ithor roeollop.od 1008 
ose (for k > 0). or bopo l *eoo:t~ac pbo.o’l(:rf:r< 0) 
rh.r. I * t. [It k < 0 ..d . , th.. T 
c * lo-11 ..ell Th. ..011...~~of the r.tlo o r.q.irod 
0. '1.1t1.1 d.t.’ for o.r 0air.r.o IO pu..lla~ (Cc .oT 
th. l..st). 

Al 

ICC 

ALI’ 
1 

i 
I 

(93 * 6% 

c3 
2 ; 0 

+ 82 + 
---g-&-e 4 N 

,i*urc b - Suooory of the .e.wrC..ot. of tb. Cl..tuo- 
tlooo Im the .lerar.ro baetsrodad tooporoturc co l asulor 
mc.le. * 1’ (fro. D. “i’k1..... 1993). 

the particle horita. .t d.coupll.9 only l ubt..ds 0. *a910 
of about kc cc th. sky rod.,: hsv lo it that rho .lCrC- 
(IWO bock8roond tocporoturo I. .o uaffor. on ..sulor 
.c.lc* >, 4or 

S..ll-Sc.la I.ho.o9m.:t - A. .II, .ctrctmc..l will 
.l.dl, 1.1, tow. on *..I’ .c. l . (L 1OOHpc) th. UofVrr=* .___ 
I. .o;, I~CQ; (it0r0. g0i04i00. ti&tett 4t wlm~i-9. 
l te.1. The nnilor.ity of th. .l.rov.r. boctgrouad 0. 
;;;3 . ..11..9ul.r te.1.. ( << 1.) 1.die.t.. that tb. 
N,,,..co. w.. mooch. . ..n a. th.m. cola. .t th. Cl.. of 
d.eoupllnt. [Not*. cod., dol. * 10 3 aa th. l eole of 0 
9.1.x,.1 Vhcnco CO.. the .truetur. tbot i. . . eo..plc- 
uouo tod.yl One. ..ttar d.eoup1.s fro. the rodlotion 
.nd Is free of th. prooouro #upport prorldcd b, th. 
rodlotion. . ..ll laho.o9.na1t1.t will 

7 
row vi. th. Ja... 

(tr.rit.tion.1) iastabillt,: dol. I t2 9 - I (1. th. 
lio..t r.9i.c). [If tbt ..s. d...lty of th. 0.lv.r.. 
is dam1n.t.d b, . colllslonl.~. partlel. wp.el... u, 
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Pr.do.l...c. of n.tt.r/Th. Hono~olm Problc. - 
GOTO 80 l lous VO), toword ‘o.pl.i.1.f’ the Qr.dO.iC..C. 
of moteor 1. th. O.:v.r..: hov.v.r. th. pric.‘. lo tb0 
ao.t..t of th. .t..d.rd c;..oloSyy it th. slut of occc- 
polo. produc.d .t the ..oo l pcch. 

Th. Co..olotlc.1 Conot.ct - Uitb th. pO.Sib’. ..- 
COQtiCC of ."por.,oootry l cd l uporsr.Vit, th.orl... tb. 
l boclut. l t.1. of rho iff.ctlV. pot..tl.l V(6) 10 Oat 
dotorol.od I. S.uS. th.orio. (e - coo or oar. Blss. 
r101d). At lo. t..poroturoo V(6) lo l qulVol..t LO . 
co.ooloSlcol tom (I.... eootrib.to. VS.., to tb. l trooo 
l oorsy of Cbo 11.1~~. Tb. ob.orrod l xpoo 104 r.to of 
Cb. U.1r.r.. rod., (S - 50 - 100 Lo .-’ Npc- i ) ll.it. 
:j;,r;gyl,:~;;Sr f;~sa:t:.:f.tbo 0.iv.r.. to bo t 

Tb"o.ooplricolly tb. Y.."u. 
l corsy of our T - 0 SO(3) O(1) ..~.a. (- V(+) .t rho 
SC. .l.icu~) .u,C b. & IO- 

f6 
od. Cooporc thi. to rho 

d1fforo.e. 1. .o.rSy doo.ity,botro.. the f.ls. (4 - 0) 
l cd true meu.. rblcb~l;o~~T~~v~Tlsss,v~, 
tooporotur.): far Tc 
At pr....t tf8.c. ii .a .oti.foctory l .plo..tio.~fot th0 
r..l.hl.Sl,-m.11 v.lu. of tb. T = 0 ..euu. l mors, d...i- 
t, (.quiV.l.otl,, Lb. co.oo1oS1e.1 rec.). 

Todoy. the VOCUU. l norw 1. .pporootly neSliSibl7 
. ..ll l .d . ..oo to ~1.7 .a .iSolfico.t role 1. tb. dy..- 
n iec of tbo ..p...io. of tbo Ooiror.o. If “0 .cc.pt ChiO 
l opirieol d.toroio.tloo OK the obool"to .c.l. cl V(6). 
thou it fo11.r. tb.t thl . ..r‘. of th. I.‘.. (4 - 0) 
occuuo It o&row. (= Te), l ?d tbuo could hove p1.y.d 0 
l lS.if1co.t to10 f. d.torolo1.S tbo dy..olc. of tbo ..- 
p.ooio. of tk. Il.1v.r.o. AccoQt1.s tbio wry oo.- 
trlriol .osr.ptio. l bcut tbo cara of rho voeuu. l ..rS7 
10 tbo .tortl.d poict for i.fl.tic. (.oo ,I*. S). 

O.a.rie llov I.fl.tloo - Tb. b..lc Id.. OK tb. ln- 
flotioo0ry U.iror.. .~o.oric 1. that the** worn on l poeh 
.Loo ~OCUU. l ..rdy d..oity doo1.ot.d rho l mcrs7 d...it? 
0f Cho O.lr*roo. Ourins tbio l pc.b p = V 0 cc~otcnt. 
l od tbuo R(t) scow. .opc.o.ti.lly (- ..p (St)). .llori.~ 
. 0.011. co..oll7-coh.r..t r.slo. (i.iti.l .I.. $ s-11 
to scar to . of.. rbieb co~~opoococ th. r.Slo. “hich 
l r..tuolly b.coo.m cur prooo 

e tlyrob..rr.bl. Uqivmr.0. 
To Ouch'0 ori*i..l .c*.orlo. tLio l poeb occurrcd rhil. 
tko S.lroroo . . . tr0pp.d lo tbo I.180 (4 - 0) VOeUU. 
dur1.S . l tro.sly fir.c-ardor Qho.0 tro..Itlo.. on- 
forcu..t.ly. 1. n cdolo which 1.fl.t.d ..ouSh (a, 
..d.rr..t ..fficl..t ..po...ti.l ..p...iC.) Lb. S.*".=.* 
noror n .d. . *sro.oful gturo' to tbo umml rodIotio.- 
do.1n.c.d PRU c...olos, . Sothor than d1.cu.sf.s tbo 
orlslcol .odol cad ito .hort.ooios. 1. dot.11. I ui!l 
lc.t.od foeno oc th. Vorloot. 
propo..d 

d4bb.d ‘no. i.fl.tlo. ,.. 
1 dopocdoatly by Ll.do l od Albr.cbt ..d. 

3 St.i.hordt . I. thio. .e..orlo. tb. rot”“.-do.1.ot.d 
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l pocb occur. vhil. th. co&ion of the U-’ “0 10 q”.srlon 
I. 010.1,. but l..rit.b17. .volri.S tr h. tru.. 8s‘ 
..C”“.. 8.th.r rho. eo..ld.rl.S mpecllic wdtl. I. thl. 
l octio.. 1 will di.cu.. .w lofl.tio. for . sosoric 
l cd.1 

Con.1d.r 0 SSS Qh.#. tt..sitio. which oceuqa l t . . 
. ..r*. 4e.14 nc. Jar T t T. n ‘MC th. .y...tric (4 - 0) 
VOCI.~ 1. f.sorod. &, 4 - 0 1. the slob.1 .I.:."- of 
tbo fi.lt. t.opor.tur. .ffcctlv. pot.uti.1 V (+) (- ft.. 
l oors, d...it,). A. T .ppro.eb.. T, . ..co. I 01.1.“. 
dorolop. .t 4 t 0. ..d .t T - T tbc two l 1o1.o .ro de‘- 
l .or.to. [I . . ..m~.l.‘ that t 0 1. SS‘ tr...ltlo. i. . 
flr.t-order Qhoso tro.oitloc.] 
th. “1 (+ 

At t..p.r.tur.. below Tc 
- (I) .i.i.u. In th. ‘lob.1 .i.i.u. of V (4) 

(*.,’ li‘. S). Norowr , th. Nolroroo do.. .ot loot otl, I 
0.' *Iso trora1tioc fro. 6 - 0 to 4 - 08 tb. d.t.11. ..d 

V 

Q Q Cr Q 

- - Th. fi.it. tt.por.t"r. .ffectlv. pot.nti.1 .t 
Vor4.m toop.r.tur.. (T, - tb. critlt.1 tooporotura for 
the *II trocsltloc). 



-zo- 
. 

tioc r.q.6r.d or. . qusctioc of dyaiolc.. 
Assu~ln~ l borr1.r l xl*to b.tv... ths fol** l .d. 

trus ~0~~0, th.r..l 1luctuotio.* ..dlcr gv..t.m tuocol- 
ias or th. la** CC .*t**t*bilitT, .u*t bc r**pa.*lbl* 
for toklcs 6 **co** ths b*rrl*r. Th. d7...ie. of thl. 
procsos d*t*t.i*o wh*. *cd hor th* prot*** cttur. 
(bubbl. for..tlon. *Qi.cd*l d*eo.po*ltlo.. ccc.’ ..d th. 
r*lu* of d .ft.r the bsrrlsr I* p...trot.d. lo* d.ti- 
sltsnsss .rppo.. th.t th. b*rrl*r I* o~*reeo* rho. Ch. 

to th* true v*tuu. I* d%khill (llt*rolly) .ad tbo l v- 
olrtloc of + should b. .d.q.*t*lQ d.serfb.d b7 th. **.I- 
el.s.iccl cg".tlon. Of .otio~ for *r 

i + 3Ni +ri + V' ,- 0. (14) 

rh.r. + h.* b... nor.*ll**d .a th.t It* klcotle tar. I. 
th* L.atrantlsa I* W,+au(, and prim l.dleot.. d.rir*-, 
tir* rich r..p*ct to 6. Th* l ub*cript T cc V boo boo. 
droppad: for T <C T the tsspsrctorc dmpmdooeo of 
c*. Co cosloecod 0.2 th* I* t*op*r.tur* pct*.tlol 

VT 

( I V’ e.u bc .*.d. Th* 3R tore acts lit. l frleticcol 
fores, l .d .=I... b*eo.** th* l .p*a*lon of th Qdr.rmo 
’ .d.hiftm’.r.y’ th. kl..Cle l .rsT of +(- I- 1. 
d t 

3 The 
l r. ceecucts for p*rticl* er..tloc dug to the tloo- 

rori*tlo. of 6 (rsfs. 21. 22). Th* qu..tltT P I* dst- 
l r.i.*d by the p*rtlcl** which eoup 

t 
l to + ..d the 

*trc.sth vlth vhieh CL.7 coupl. (r- * llf.tl.. of . + 
p*rclel*). Th* .xpoo.ioc r.to II lo dotor.l..d by the 
. ..t67 d*a*itT of th. Oal+srss IchrouSh l q.. (So111 

P - 412 + V'(6) + Pr' (15' 

rh*r* D r*pr***.t* the l .*rSy d*n*lt, la rodiotlc. 
prodoe. by th* ties rori*tio. of +. 
;;~~t;~l.th*rmol eoop*c*.t l skss l .os:::l& ~:.:~I:~~ 

. Th. l rolutloa of pr is dotor.:..d by 

;* + LllP* - ri2. (16’ 

rhsr. th. fi’ t*r. l tto*.t* for p*rtiel* er.*tl.. by 6. 
In rrltla[ .q.*. (14-16' I h... l.pllcltl, .**r.*d 

th*t 4 I* l p*ti*lly haoo~.o.orr. Is somo l .*ll r*sloc 
(lawid* . bvbbl. or . fluetu.tic. r.Sio.) thl* vi11 bo . 
,ood l QQCOXiSOtiOtl. Th. .I.. of thl. .mooth r*sio. vi11 
b. u.i.port..t: 
horlron'. g-l. 

tskr It to b. of order th. ‘ph7.k. 
"ov I*='* foll~v ch. .rol tlo. of + 

rithln the l .11. smooth p.tcb of .irc N- i [I e*ll 1 
-1 

. 
th. ‘ph7.ic. borlron’ b.c.u.. coh.r.nt 
c.n 0.17 t.t. pl.e* on . t1.c.e.l. t N- I 

h7.ie.l prctc.s.a 
= .-foldlas cl.. 

for R(C). .nd thu. c.u..lit, I.pli.. . l.n‘th .e.l. 
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$ n-1 . . rbicb c.b.ro.t phy*ic*l pt..***** em cporots.1 
fr th. pct.otlol 1. Clot oo.*rh*r* botvo.o b- d- 

,..d 

cat 

1.1t 
0‘ 
*op. 

1 - a. thorn + will l rolr* v*ry l lcrly lo tbot rssba. 
:h. .otion of + *Ill b. ‘frlctlo.-do.1o.t.d’ .a th.t 
I -v’ (lo th. slow 6rovth ph..i p.rtlcl* creotfc. lo 
:oport..t). If V I. .ufflc.ntly f1.t. th.. CF. tim. 
Lrsd for # to tro..v.r.. th. f1.t s~ioc e.0 b. 1on1 
1r.d to the sxpsns o. tl...e.l. II -I l oy for dof- 
,...., + - 100 II- f 
'(+' - VtO - 0': bo;h . 

. .icw 6rorth pbo.o 

mica rota II is Ch.. just 
orc SC V(6). Th. 

whcro V(O) i. l . ..ood io b. cl ord.r IId. Uhll. II * 
****to 
100 E- i 

t I **or* l rpoaooti*ll,r 8 - l .p(Rt'l for t - 
I ..pood. by l f.etor of 0100 d.tln6 th. cl v 6 

rol1i.s p.riod. l od t . ph .ic.l *I** of Lb. l .ccth 
*.*10a icerc.... LO .hf-I. Tki. l .ponoatl.l 6rorth 
ph... i* o.1l.d . doS1tt.t ph.... 

A. th. pct.oti.1 .t..p..., CL. .rol.tio. of 6 
qoick.... llior * - 0. 4 ooeillot.. l yuod 
i=01 with frcq000e7 I* a2 - v”(o) l rn6>>12 = M 
6 o*.ill.t*. l bc.t 6 - Q it. .ctic~ 1. d..p.d 
cc 

I 
l tico l md tbo ..po..i.. of tbo Unirorss. 

a- . tbo eohor.ot 11.14 . ..rw d...lty 0 + 
eocvortsd 

f 
sto c.diot1.o la !o.. thoa l . l rponsloa tloo 

(at =r-1. 
1 =“6(U 

cod tbo pot& I. rahtotod to l t.mp.roCaro 

0 
)--Lb. vocooo l .orSy 1. l ffleio.tly coarsrtod 

:;t; l ict~fc (‘#cod roh..cios’). 

;;h& 

On rho athor hood, 

I s 
, tboc $ ccoticuss to oacillito l od the 

fiolt,...r#y r.d.blft. l r.y rich the ..poo.lo.r 
. ITho echor.ot fi.ld . ..rly b.hor.o 

llko l o.r*l~tlrl*tic l ott.rl .oo r.f. 23.1 L~.ato.ll,. 
.h.m t . r- Lb. c.b.root fl.ld c*eillotLo.* doe.7 l.to 
lisbt porticl.*, . d the patch I. r.h.ocod to l tom- 
porotoro 1 * (r/w MS * (r. )4cen ('poor r*h*oti.S'). 2 
Th. .rol.tlo. of 6 I. . . . ..tt..d 18 71‘. 6. 

Ior .i.plielty. lot oo l . ..oo “cod r.ho*Ci.s' 
r t.bootio$ tbo l teh h.* . phyoie.1 .i.. 

! 
= 1011 I. .C 0 tom- 
1. th. ::;!:.l..tio. Chat 4 

thro.6ho.t th* patch. th. potab 
1. . ..etl. ..ootb. Fro. thi. poiot forrord th. r*Sio. 
l rolv** lib* l r*diotio.-do.l..tcd TRY .od*l. llov her. 
th* t~*.~loslt*l eonundrumr bisa '*xpl*l.*d'? Qirnt. 
th* ho.o.***ltr sod i*ocrop~: cur ob**rr*bl* O*iv*r** 
Cod.7 = LO‘* 1 b.d . QhT*iC.l .I** of about 10 C. 
(- 102~eox3&~ GcV) vh.. T “.. lOI6 C.V. Thu. it 
11.. vcll vlthln on* of th* l .ooth r*Slon* produced b, 
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INFLATE ‘REHEAT 

Qlwrs 6 - Tho l rolutico of +(t). Drrio; rho slor 
Sro”th pb*so fbo time roqrlrod for + to oboo~s .pprsci- 
l bl, 1. .> I- . A. th. p 
ropidly (timsscsl. c* B -1 

tooti. .t..p... + .volv.. 

*boot th. I~~ 8ioi.um. 
1, .~.lltrAll, o.clll.clo~ 

p*r=iCIF-~ O.ciiiOtioO. 0r * IO 0 ti.0 0 
C..tiC. d..Q. tb. 
, rshootio~ ths Ooi- 

vsrso to 0 ti.poroturo . NC if r >a 1. 

the .ioflotiooory sposb. Th. floto... ~urrl. lo.rolr.. 
tbo l 8*11o*** 0r tbs rot14 of the ecrroturo corm to 
tbs l mor#y ds..ity tsro. This rotlo 

d 
. .XQCO.Oti.'l, 

*mall** arts* i0rhth: ~~~~~~ l 0-2 0 ~bofors ~1400 

the l osrsg dsosity bsfcro ood oftor ioflotioo is O(w$), 
rbllo k/I b.s dscrs*sod sopoosoti.lly (by ~200). 8icc. 
tko ratio x is rssst to l o sopoosotislly smsll 0.1~~. 
tb. ioflotioo.ry l cso.rio prsdists that today n should 
bc 1 t OflO-'To f'. A.sumio~ ths Uoivorss is rshsscsd 
to . tomp.r.turs of ordsr H 
..ol~. 1. th. u.u.1 r.7, 01 

, 0 bsrvoa l s=““stry to* 

tsils m.y bs sli~htl, diffsroct. 1 
th. quootitstiv. ds- 

b.ry.. l *yo.str7 n lsbt b. Qrodu 
Altsrostlvsly. th. 

of tb. lick. fisld o.cill.tloo. $2" ";;*::~;,f: ;~*l~*w 

sb.olut.1, nac....r, to h.v. b.r~otcne.i. DC’IST .ftCK 
rshssti.~ s1.e. soy bsrycn .“.b*r (or *a, o .!u*nt”” 
cu.bsr) prossat bofor* ioflscioo i. di1ut.d by d~ f*ctOr 
- .xpolf*) - tbo tsctor by which ths tots1 s.trcp7 ia- 
er*oo**. 

I. fsct. ths rsol ksy to uad.cst.nd1.t how finfl0rion 
works Is tbs s.tropy Qrodu Lion. 

. * 1088 
The ..tropy of th. ob- 

(= 1 tl... tb. numbsr Of 

s..oorlc l mooch ps::b”:~“::;s !“Nr~*-i;:‘~~i~~::d 
ioitiol t*“poro~tur* ” 10' Co, rich tot.1 sotrop7 0 10 
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#rows to l fiool sir. s.p(Nr 
l oomplo) rltb ts.psrsturo -3 

) n-1 (= 1017 c. lo o, 
0iti.l t..Q*t.t”t.. COT- 

rospoodlo~ CC .a satCopy loafs... of /.Q(3mt,’ .nd 0 
rid tot01 *“crop7 of n lo >a 106 . tll. tot.1 
l otrcpy of rho prss.otly obssrwsd portico of th. Uoi- 
*or**. 

Sioss ths p.teb th*t 0°C obs.rssbls Ooiv.rs. 11.0 
rltbio 0.0 a... (ot th. b.li..i.g of iofl.tioo' c.u..l- 
ly-*ohsroot. th. ,#I~~. 11.16 could h... bsso s1lgo.d 
throu~boot the pstch (1ods.d. tbi. Is th. lovssc sosru 
coofiSs.rotloo'. l od tbos tb.rs is llksl, to bs t 1 man- 
.polo .itbio ths sotlro Q.tch which ~0s produced .s s 
topolo~ic.l d.f.ct. Th. rlut of .onoQol.. "hich oe~ur. 
lo the l to.dord co*.o~og7 doss cat oecur. Th. produe- 
tioo of ochor topolo~icol d*fscts (such .s.dcm.i. ~011s. 
l to.) is l *cidsd for sioi1.r rscsoras.1 SO.. “CnOQO’~. 

mb l producsd sftsr r.bs.tlo~ lo tsr., *try snsr- 
#atie porticls colli.ioos. As discus.sd ssrliar. the 
oombsr dtodocsd is sxpoooctiolly 00.11 (sod srponcn- 
tiolly moeortolo). 

hod, ths lofl.tioosry scso.rio products . 
cm) rslioo rhlsb is sbsol.t.1, uaiforo. 

This lo itsslf is 0 Srs.t sebisvso0ot--Qr.0iousl, it 
*OS .o.oos.rf to .ss.os thst rho Unlrscse ~'7% 101r1011, 
Isotrcpic smd bo.ovosous. .n . ..*.pt14o "I,,.,, 1. .0..- 
rbot disturbio~ slots ths sst of ioiti.1 dst. for ths 
,i..t.la .qu.cioc. rhicb ..olv. to . .odji Oni..r.. s. 
soccth OS .urs Is s sst of l ..suts sore. Cut vh.t 
.bo.t th. . ..11 dsosit, i.ho.o~.o.ici.. *..d.d for tb0 
l v.otu*l foro*tloa of l cructur*~ Th. .‘.ct ..ooth.... 
of Lb. fins1 pstch rssults fro0 ths sssu.ption that th. 
1111s fisld + ~0s prsclss17 .~srlsll, uolforo rithln 
et,. p.tch. Duo to q..ntu...eh..lc.l fluctu.tion. it 
is r&t possible for 4 to bs prscl.sly uafforo. 'In 
fact. it bos boom show. th.t th. dslilttsr spsco Qroducsd 
fl"etUOtiCoS lo 6 (A+ 0 k/2*) 1S.d t0 . #QeCtrYm Of 
d...it, iahooc~.a.lti.., which .".nru.117 et000 th. 
~~orltoo with so l aplltuds 

(dQ/o), = N?fi , (10) 



- 24 - 4- 

DhK‘I(iTTK1 Ill TtlK ONIVCRSC 

0.. of th. .c.L f..d...ot.l co..oloKie.l ,..ntiticc 
<PP. ths l rcro#o moss dsasity. I. l 1.c co. of Lb. . ..t 
poorly co.str*i.*d. A. I d1.t.ss.d s.rl1.t ll (3~~~/0,t, 
I. 0.1) kooro to b. Is the intsrrol 0.014-OO'.. Kor 
dooo 0.0 dotorm1.o <P>? Iro. 0 th.orist's Poiot- 
cl-vior it’s 011 wry l trol#htforrord: 

*cl> - WQIL> x 410AL>. (19) 

&. ano dotsrmlooo ths svcrogo a..hsr do.sit, of K*l- 
l oios l od .ultipl1os it timoo tbo l vara)s n oso l sscci- 
.t.d rltb . Kol..,. Mot., by do1.K thi. t ho*. ~oeitl, 
. . . . ..d that 1iKht f.1tbf.11, tree.. . . ..-. hlKb1, .a.- 
tri~i.1 . ..u~ptio.. lcrorrr. l ioco *ot kacvlod#o cc 
the Ooiv.rso is dorlvod prlooril, fro= photon.. it i. 
dirrierit LO f1.d 0 trelmiqr. .hieh do.. oat rely .po. 
tki. . . . ..ptic.. ('1001 l otrcocmoro’ moocoro (0, by 
dstotmlolc~ rho l ror.#o moos-to-lI#bt r.cio l ssoelotod 
.itb . K.l*., ( . 

%-iv 
l sosoro N. l oosuro I. l od toko tbo 

totic'. l cd ..lt p ,101 it t1.c. th. lo.i.o.it, doaslt, 
--• qoootlty .hieh they too 01.0 roodlly n ossurc.1 

Th. booic d,...ic.l t.eh.1,". b, vbieh tbs.... of 
. d1.to.t oh).ct (fro. th. l otth. so., o. up to .a.- 
.olcKicol objoctoj lo .sos.rod rollos up*. Ksp1.r'. 
third lo.: 

EIl - r * +*, (20’ 

hsro t ..d v ore cho orbits1 rsdius l ad rolocity of o 
test porclclo rhich orbit. ths ooss Il. Th. I... . ..oei- 
l tsd with the lo~loo~s staff (o*dorhtodly baryoas) COO 
bs dotsr.1o.d by studyio# rho orbits of store l od 
eloods l t tbs distooco Cram the coot.r or L goloxy 

8.s 

rbsro ths ll#ht 'eropo oat' (RolmbsrK rsdioo = lo-30 
kp. for l spirol Ko10.7: oat. that tb. l..ioooit7 rollr 
off st?ocootloll, rltb discones fro= tbo e.ntsr). 
1.o1co.s ..os dstor.l..d this voy corrsspeodo to (I 

Th. 
- 

0.007. rhich I. . ..11. ec..i.t.ot rith ..cl.o.,otht~~, 
(0.014 4 Q 

of dark 
6 0.15) l od alrood, iodieotrs the prosooco 

bs 74.1. F 
sod do.=‘. 

n ottor fat this lsrsl. rory lik.17 Koo 

If lo~icoos l sso voro the vholo story. thsn OS coo 
.oosursd otbitol vsloeitiss b*yoad the Rolob.rK 
00s rorld srpset thss* rslotlti*s to dsersoso ss 

rsd US, 
r- It . 

Thfi. 1. *at the t.,.. Orbits1 (*lso esllsd rototlon.1) 
rslocltls* for spir.1 Ssls.iss rsmolc eonstsnt bsyo.d 
the paint “hers ths 1iKht h.s ‘cc.ppsd out'--lndic.tinK 
that th. q . . . Cviylch e..not b. du. to lu.inc.u. steff) 
contlnu.. t. incr.... lln..rlr vith c, &. cqn. (10). 

rhsrs i IS to b. svslustsd vhs. the sesls IO quistlo. 
crossed o.t*ids ths horlzo. durIaK the l.flotiooory 
ph....7S-79 Slot. ( = coostont durioK lsflotloo. the 
prsdlctsd l p.ttru. of dsoslty lohovoKcositl.s is op- 
prc.l.*tsl, ladsp.nd..t of ths n .ss scsl. (this Is the 
so-col1.d Zsl'dowlch spsetru.). Thls~ mocks ths first 
rims thst th. sp.etrum of density loha.o9s.sitlss could 
bs eslculstcd fro. first prlaeiplss--la ths pssc th* 
spsetru. of dsaslty psrturb.tlons hss b..c tok . OS 
srbitrsr, lciti*l d*ts. An l .plltvd. of O(lO- ~-10-Q 
roold 1s.d to l pleturs of Ssls.7 formstloo rhich is 
eooslstsot vich prsssnt obrcrr.tioos of rho distrlbu- 
c10. Of S.1.lc1.‘. G, sod rssulcs la l lerorovs tso- 
,srstoro fluttu.tloas (co sn#ulsr seolss ,> 10' rbleh 
ora co.slst*ct vlth tcrrs.1 n sss*r*m*ots/opp*t li.lts. 
[Such l spsetruo r*sults lo d.fl.lto prsdiclloos for 
6TIT co lsrKs-snKul*r scslsr. pr*dlctioos vhich could 
bs checksd vhsn .xp.rlmsot.l s*o*ltlriti*s iaproro by 
*bout s fsctcr of 10, sss rsf. 19 The dsosit, psr- 
t.rb*tioo ecostrslot, N2/( = O(lO- -10-3'. is o rsry -1 
stringsot eoastr.lot oo n odsls of I.flstio.. 

The osv loflstlonsry 0mlv.r.. seso*rio l pp.sr. to 
hsr. ths potsaci.1 to rosolr. 111 ths cosools#lesl 
pu..l.. I h... dl.e....d. rich ths vsrf oot.bls SICSP- 
tiO0 Of ths COSOOiC~h~ COOhOt PVC&. 1x0 fset. 
lo SOI. SC.SS it is s ho.ss of cads built ODCO this 
,u.*l*.l Ioflotlcn rssults 10 s Ocir*r~g $;; ::,*cmt 
stst. co .c.lc. St l.*.t . . l.rg. .I 10 
s.asltlrs to lolti.1 dsts (d.t. vhleh us cro .ot l vot 
lit.17 to bs prir7 to) l od dspsnds 0.17 cc .leroph,sles. 
Glob.117 (I..., om .c.l.. t th. pr . . . . t .I.. of . 
babbls cr.Tf;;tu*tioo rsKioo' tks Oolwrss coold l pps*r 
rsr, difC.r.at--hithl, loho~o~...o.. .od .ol.ettople. 

AlthouKh ths scsosrlo Is sxtrsmsly sttroetlrs. l t 
present. s ecu17 co.~*lllo~ iotl*tio.or~ *e*oorio is 
l till l.eklo~. Ths first m.d.1~ strdiod. Cbo Ccls.s.- 
UsiobsrS SO(S) l od.l.**9 Is bss.t b7 ouosroos problsos. 
tbs vcrst of rhich is tbs smplituds of ths prodlctsd 
~:~~~~~O~;~t.rbsticos~ (8p/0'~ = O(lO-100). A ovrbor of 

hsvs studlsd sup. sy..*trlc sadlor sapsr- 
Krscity modsls. IO vhieh th. inflstlossry phoso trscs- 
itioa 1. oat s.soe1.t.d rltb th. SS, of th. DOT. To 
dot. th... n odal. h.r. s1th.t b... p1.Ko.d b7 co.molo- 
Klesl p able.. 
~cossir 0). 5 

(a, lns*fflcisot rshsotloK for boryo- 
or srs just toy vodsls coostr.etsd to 81~0 

. rlsbl. Infl.tloa.r, t...o a 
f-5 

,. So .t pr.isnt us ho.. 
l r*r7 sttrsetlys psrsdlgv, s rcry pr*tl** prs- T6 
#crlptLon for th. .c.l.r pot.ntI.1 vhlch ir ,,.nt.d, 
but no eo.p.llInS psrticl. physic. ..od.l. Xc **8*10* 
to b. . ..o If . god.1 "ill b. found rhlch c.. both im- 
p1s.s.t I(." lnfl.tlan .nd pradlct scn,lb,t psrtlcl. 
ph,ska. 
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locstion cuwss have ba.n q . ..ur.d out to 120 kpc .nd 
cor,tln.u. to b. f1.t. Ib. d.rk ..tt.r inf.tr.d by th... 
. . ..ure..ntsni. .I l...t 0(3-10) LID.. the lu.lnou. 
eO.pOm.lltl h.&o 

& 0.03-0.10. 
S...r.l co . ..t. .r. in ord.r .t thi. point. 

,ir,c. tb.r. i. . . of y.t DO convlncln~ .rid.nc. for 
. ..II . .1ql. rot.tiom cur.. which .v.ntu.l13 b.ainm to 
1.11. tbi, i. . lover ltmlt LO thm dsrk eo.pon..t. It 
i, po..ibl. tb.t~ol thi. dsrk ..tt.r i. b.ryo.fc 
(.md ..r, lik.ly tb.L .t lssst . . . . .mb.t.ntl.l fr.ctio. 
ol it 1.) .i.c. prl.ordi.1 oucl.o.yntb..i. t.llm .I th.C: 
0.014 < nb c 0.15. Ybll. it is ~sasrslly . ..u=.d th.t 
tbs. d&k hzlo m.t.rl.1 I. di.tr1but.d ..c+ or l... 
.pb.rlc.lly. th.r. la llttl. or . . direct avid.... LO 
.upp.rt Cbl. byp.tb..i.. Ib. ..ie r...o~ for this b.- 
1i.t t. th.c thl. ..t.rl.l which i. l... cond.o..d th.. 
Lb. 1.mi.o~. ..tt.r Is lik.ly t. b. composed of l ttsct- 
ir.1, c0111.i..l... p.rt1sl.a (m. law . . . . .t.r.r 
bl.ek hoi... .m .xotle r.lic p.r~~~1. .p.ci..) vhicb 
C..DOL und.rao th. dl..ip.tiom n.e....r, to form . 
M&y nom-.pb.rlc.l .Lruetor. (.ucb . . th. ad~ctic 

Zh.r. i. .ddltlo..l .wld..c. Kor th. .xi.t.n~. ol 
d.rk ..tt.r b...d en Lb. dy..mlc. ol 1arg.r .,.t... 
(binmy s.1.xl.r. . ..I1 ‘roup. of 9.l.xi... end rich 
e1u.t.r. of #.1.x1*.). In esct. th.r. I. ..I. indie.- 
the th.t th. 1ml.rr.d v.lu. of n lncr..... with l c.1. 
(.u~~..ti.~ tb.t d.rk ..tt.t pr.f.r.ati.lly e1u.t.r. .n 
1.ra.r .c.l..). O.fortun.t.1) for th. .droc.t.. of 
D - 1 (my..lf 1nclud.d) th.r. I. DO dyn.mlc.1 .wld.nc. 
for P - 1 (th. l.rl..t 1.l.rr.d r.lu.. of II .r. n 

0.2-0.6). Yhat 1. ..r, cl..= i. tbst Ch. domia..t CO.- 
pomst ot ..I. d.n.iLy 1. d.rt (h. i 

53 
d.rk boryoo. or 

.xotic ?.liC.). y.b.r and 6.llqh.r bsv. rscmtly 
rw1.u.d th. i..u. of d.rk ..tt.r in th. Qniv.r... 

Yh.t I. tb. d.rk l .tt.r? L.t . . beala with tha 
.or. 8unds.s c.nd1d.t.. and th.. proe..d to th. .xotic. 
II P 4 0.1s. th.. th. d.rk ..tt.r could b. ordinsry 
b.ryoa. In th. form ot J~pit.r., low . . . . .I.=. (th. 
lomlno.ity of . .t.r - II ). dad .t.r. (a. whit. 
Iserf., n.utrom .I.=., or bl. k.bol..). or .v.. l.ra. 
black bol.. (of ..I. up to 10 s no)--.ltboush 'hidIn 
thl. .uch . . . . L. .a), of th... form. i. DOI . . . ..y 
t..kll’ Ii’ll & 0.15. th.n It c.n.et b. ordlwry b.ry- 
e.., but could b. In th. form of pri.ordi.1 bl.ck hoi.. 
(II 4 109 II ) .I... th.y do net eontrlbut. to ilb. 

?.rti81. phy.ic. h.. #...rou.ly prov1d.d U. with . 
v.ry~lo.~ 11.~ of (mo.tly hypoth.tic.ll r..kly-imt.r- 
.etio‘ p.rtlel. .p.cl.. rho.. r.llc .b..d.ne. could 
..pply tb. ,... d.o.ity sootribut.d by d.rk ..tt.r. . 
p.rti.1 1i.tl.s ol tha c..did.t.. I. )iv.. b.1.r in 
t.bl. I. 
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TABLE I - CAUDIDAIE ‘DARYONS’ 

C.ad1d.t. n... Abund.nce 

sxion 

phot1.o 
.up.rh..v, 

l o.op.1.. 
p,r‘o... m.rim0.s. 

m."tOrit... 
p*rrypo1... 

prlmotdi.1 bl.ck 
hoi... ,upit.r.. 

a. 

o(lo-'.V) 
O(30 .V) 
0tk.V) 

O(0.V) 
O(C.V) 

O(1016C.Y) 

~O(lO"C.") 

>> '$3“ 
103 C.O 

0(109c.-3) 
100 c.T’ 
fsv w-3 

O(lO-dc. -3 
0(10-6c.-‘) 

0(10-33c.-‘) 

;0(10-*3cm-3) 

(‘ 0(10-‘3 c.-3) 

C1w.n th.t dsrk ..tt.t dom1n.t.. 1u.l.o~. o.ttec 
. f.ctor or .t 1aaat J-10. tb. Co=Po.lt:oa of the d.rk 

b, 

..tt.r Will cl..rly h.r. . . i.port..t b..rlng on tb. 
for..tl.o ot .tructur. 1. tha llnlw.r... In-spite of Ch. 
1o.1 list of s.nd1d.t.. with r.ry diCt.t..t . . . ..s ..a.. 
s.rar.1 th.... h.v. . ..rs.d. Yor Colli.io.l... d.rk 
..tt.r (whleb 1.cl.d.. .ll of th. c.nd1d.t.. under con- 
.id.t.tlo.) th.r. .r. L-Q limltin~ e....: 'cr,o..'3s 
(or 'cold' d.rk l .tt.r) .nd 'th.rma..' (or 'hot' d.rk 
l .tt.tl. Tb. dl.tine~lo. b.. to do with vh.thcr ot mot 
the ‘d.rkoo’ .p.cl.. im rdmtlvistic rh.. th. Il.ir.r.. 
become. n .tt.r-dom1n.t.d. I.e.11 th.c .m n . 1 "n,v.r.s 
b.com.. l .tt.r-dom1n.t.d wh.. R/I. = h~lO-~ .nd the t..p.t.tur. Of th. Um1r.r.. Y.. Oif,%, (r.‘.rdl... ol 
th. compo.itio. of th. d.rk e..po..ot); Lb. .., 
t.lo.d within th. hor1i.o .t th.t cl.. i. = 101 
(.bout th. . . . . of . .rp.rclu.t.r). 
‘d.rko.’ 

*Th.t.o..".?-Ho 
.p.cl.. which .r. .tlll r.l.tivi.tic .t th. ti.. 

of ..tt.r do8l..tlo.--.I.=. t = O(10 .V). thi. i.pli.. 
thst . 
. p.rt cl. .p.ei.. 1. .quillbrlum - 31). 4 

.U.L ,b. 4 O(30 .V) (.v.r.d. .a.r~ylp.rticlc of 
‘Cryoa.’ .r. 

p.rtlsl.. which .t. .a,,-r.l.tlvi.tlc .t th. .poch of 
l .tt.r-domln.tio.. implying that . 
is thl. c.... th. ..c.ptlon t. th f 

.u.t b. >a o(,o ev, 
. .l.pl. . . . . crit- 

.rl.O .r. .xion.--th.y .t. . . ..r in th.rm.1 .qui,ibr,um 

..d .I. cr..t.d v.ry cold (. coad....t. of ..ro .o..n- 
t 

i 
. p.rtlcl..). Ihi. I..*.. th. l . ..lr. a.utrino 

t . .mlY ‘tberro.’ I. I.bl. I. 
. . 

Tb. i=P.rt.ec. Of rh.th.r or ..I th. d.rk p.rtis,.. 
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srs rslsti~lstle has to do with tbs ds=plos of s=oll- 
sesls psrtvrbstloos by Ire.-strssmlo8 of the dsrkoos. 
else referred to se eollislool.ss phsss n ixlo~ or 
Lend.= d..plo#. Ill SD .op.o.10= 
In tb. dsrko.. esi diffuse .r.y 011 

time. psrtorbstion 
I.. 

I 
th 

. (rsloelt, of the psrtlcl.); ‘1.c. 8- 
‘c.1.. 6 ti- ! 

- c the d..pi.‘ 
scsl. lncrssscs ontil the d.rkonr become oonrslstlristle. 
et rhich Ii.. the d..pla‘ se.1. tssch.. it. ..ol.a. rol- 
es (up to 10s fsetors). ?or s dsrkoo .psclss rblch is 

the1 n ssl=u= ds.plt.8 SCS~S IS 

'b 
3 2 - n pl'=d 

- 3.101*n /.*(k.V) Od * 01) 

All IoItisl dsoslt, portrrbotloos oo se.lss ( ?I,, srs 
rsshcd .ut by 'free-strs.olo&' of the d.rk&. 

,or s thsr=on. II = 'o10I511 f.plyl.# thst the 
first struetorss to ffir. mnst b.e~.psrcl.st.r sin. ot 
lsrgar. sod thst these obJsct. =ost sobrsqosotl, Ire‘- 
osmt to form ~s1sxiss. 

On the other bead. for s cryoo. Iin 
se the critsrioa =d a k.1). 
verse str.et.rs csm form on *=.I1 seslss (~slsolss or 
perLops s=sllor) first sad them build op t. lsrssr- 
seslss lo o hisrsrchieol n smssr. Clssrly the thsrmoo 
sod ez,oo scsosrlos srs qosl1t.tlrsly very dfffsr.ot. 

lo=sriesl sl=mlstloos of both scsos~1.s hers been 
p.rfor8.d. The theme. (osutrioo) sl=olotIoos do l 
floe job of rsprodoeios-the lorts-sale stroetors end 
ssgrs8stlo8 the dsrk end lo=iooos setter (rhieh Is mot 
sot 

3 
rlsia~ 

101 Ii,). 
sloes the tbsr8oos srs s=ooth oo seslss 6 

This Is psrtlcolsrly seed for 'II - 1 odra- 
est.. sloes there Is 8o.d .+ldsocs thst the l ..uot of 
l .ttsr~rhlch elostsrs oo these scs1.s (4 103%f,) C.=SS 
oorhsrs ..a givlo~ II - 1 (closer to 0 - 0.1). no.- 
s*sr , . . .o. .lsht her. .o,.et.d. the.. .c...rIo. 
hers d1fCleolty rsprod.cl.2 the observed s=sll-sesls 

tha #sloe,-rs1.1, eorr.lstloa 

Tbs cry.o sl=o1stl.as look very promislod. With 
tbs Zsl'dorleh sp.ftru. OC density psrtrrb.tloor the, 

the s=oll-scsls stroeturs. 
**em to b= sbls to reprodog b;t:.:::t::r:;-;E:!:t:~~s 

dlCfieo1ty vlth cryons i. ss8rs~stin8 th.= fro= lugi- 
mu* .stt*r on s=sll seslsr. Since this cso oat, be 
dons with ooa-~rsvltstloosl forces (m, s.=s for= of 
dl..lp.tloo). sod sloes tbsrs Is oo srldsocs for dlssl- 
pstioa oo sc.1.. t ‘slsetic hsloc. this .,,gg..t. thst 
the cr,on-to-lu=lnous l sss reels. should be eosstsat on 
seslss t sslsctic helo..--thsr.b, l=plyln~ thee !I Is 

(4 1. 
1. fact lo .o, 

tbst. I. oo d,o..lc 
!srgs se 1. Uolsss 
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sc.msrio ll . t IS problemstie .ioc. 
svidsncs th.t II Is so,vh.rs ossr os 
the dy...ic.l .rld.ne. I. .l.l..d- 

Iol, the only WY 1s rscooells it with ll - 1 Is to 
rolfor=ly sprs.d ..I the use dcoslty ossdsd to brlag 

lo rol.tivlstle psrtlclss oc l rslio 

dst.etlea thos I.;. 
I. thee It would h.r. sscspsd 

Let n . sod this section by ramiodin2 Lb. reeds; of 
.m impertmot sssrmptloo which Is .l=ost l iv.,. msds 
mbsm dlscusslo~ stro~tors lo tbs Ooirsroo. that 112he 
IS a need trsesr of I.... This is l VW, scromg l sso=p- 
ttem sod if mot true, eoml? drastleqlly .ltsr some of 
tba eeocloolea. l .at1en.d above. 

mr 8AIl.T ua1TKR‘1 As A acr LAIOIATO11 

1; teesot yaws tba ..tlt Waiverso mad ~~rioms 
l .tto~by.lc~l .witomm.st. hare bees seed quit. soe- 
a.ssColl,. to eossttoio tbs prop.rtlss of psrtie1.s 
wblcb by virtue of their feeble l~t.rsctloos er lrr2. 
rest l .sids e.ooot b. stmd1.d 10 t.rrsstrl.1 labore- 
tori*p. Isrs 1 +I11 10 tbrsu~h 3 ‘ease strrd2.s’: 

l d .mpsrb.sr2 l .~m.tle n ooopoiss.~ 
tb. .taodsrd cos=olo~, llsbt ooo- 

=o,s .boot l s l boodoot l s 
per spselss). l skio# tbsm 

portlerlorly l os, to .tmdy. Amy 122ht matrino sp.ciii 
will m.k. . .I2mificaot comtributloo t. the .a.;27 
d.oslty of Lb. UmIv.r.a dorio) the spoeb of ouclsosyo- 
tb..i.. Compstitio~ bst~sss Lb. sxps.sioo rsts (vblcb 
Is d.tsrmiosd by the .o.r2y dsmslty) rod the reek locsr- 
l etl 
The I 

o rstss dstsr=ios the .mouot of 
Is .bood.mcs em tbrs b. used to 

Ii. syotbssissd. 
oostrslo the 

tot.1 aamber of ll8bt .suttloo spsc1.s b t 0 <I. 
It.bls osotrloos of soy l oss =I11 cootrlbrt! Fe the 
pr.s..t mess density. Thy eomrtr.iot oo th. mess dsn- 
sity of the Uoirsrs.. lib 
stsbls .sutrlo. spsciw b. f 

O(l). I.plI.. that .m, 
.ss l asslvs than O(lO0 et) 

.I l r. l .ssiw tbs. O(2 0.7). 40 oastsbls asutrloo 
sp.clss rhl$b dsa.ys rsdiatSv*ly (m, v * u’ + 7 or 

Y' + s ) roes tbs risk of ‘photon pollution'. Iho 
:b:too spsetrum of th. Voivsrss Is *hors lo ,ll. Y sod 
the mess-1ifstlms.eoostr.lots which folio= frbm l.;ist- 
108 the1 msatrioos bsvs osslIs1bls eosmolo~ic~l l ovlroo- 
motel impset srs displsysd In tic. 8. lo* l =a*-llfs- 
time rslsclooshIp.of the form 

1" 9 10-6,(."l.")' see. (22) 

where a Is s nu=sricil fsetor in the rsn#s l-10 
12 

, ..lY 
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msutrino ms.sos lrss.thsn O(lO0 sV) or mot. then 
O(10 lIsW) srs 'cosmologlcsllylsstrophyslcslly ssfs'. 
[the qu.otlty &Is s model-dependent fsetor which tskss 
lot. .SCO"nt .1.1.‘ sngl... Cl" .uppr...ion f.ctor.. 
u.1 Al1 of chess osutrioo eoastrsiots sr. r.visu.d 
1. rec. 41 (Including s somplsts list of rsf.rr.cs#~. 

red gisot seers (where tsmpsrsturss rssch l-10 ksV1 the1 
they would ferry off the bulk of the sosrgy produced by 
ouclssr restloos io the s1.r. ‘1.c. the llt.tlm. of s 
.tsr Is dst.rmiosd by how repidly It eso 'get rid' of 
Its owl..; free energy, .x100 .missloo would hsstso 

.th. svolutloo of th.s. seers, shortsolog the llfstlms so 
y thee such ststs meold be too shortllvsd to 

100 G.V.) 
[L.borstor3 sxpsrimoots role out fpq < few 

The troubles for the ssioo d 
thoufh . rsskly-couplId (fpq 5 10 3 

oat end hers. dl- 
0.V) ‘xi.. (dubbed 

the invl.lbl. .x10. ' 5) I. ..tropby.le.lly ssf.. It is 
oat osessssrily eosmologlcslly ssfs. se YSS polotsd out 
rscsotly.~6 The potsotisl rhicb 'sochore' 0 (the 
sogmlsr order psrsmstsr sssoel.tsd with the IS2 of the 
Pp symmetry) et I Ct-coossr.iog rsluo is due to lo- 
stsoto. sffsst.. sod do.. oat develop until s to.p.r.- 
tams of O(d 
;$"fw,';;,e: 

1. At h1Sh.r tsmpsrst.r.r there Is 
picks out . psrtie.lsr vslus of OS, &. 

l e& of 
sod .o 00. .xp..t. tb. 1n1t1.1 .l..ll‘.- 

0 rsistivs to th. ~101~~ of P(d) to be of 
00). Yh:o the iosrsotoo sKIsate two oo 0 bs‘i.. os- 
cill.tlng; the s.srsy dsosity of these ..hs#sot oscil- 
1stlo.s bshsvss like . very ooo-rs1stIvlstIc (cold) gee 
of .x10... Ihs so.rgy d.osity of thee. osclllstioos to- 
dsy corrsspoods to 

ll.b* = lo-'(f,$lO" GsV)~~'~; (23) 

Lot. too mush mess No:tt$ :f:h:‘~;i:::~~: “:!:r~~~::ks 
thsrofor.. uolsss I 

thst tb. c... of f 
c.1 iotsrsst (see f8bls I). 

& .,rl.e.., ll.sn.tic #to.o.ol.. - The .onopol.. 
prsdier; j exist In CUTS like Cd(S) h.vs thrs 
coospicuous propsrtiss:(l) n oeroscopic n sss..(lO 16’;:: ~ 

The diffuse photo. spoctru. of th. Univerac 
m ; km to k - 10-2’ . . V.rticsl strove 1ndic.t. 
upper llrlts: horisontsl errems lodlests em iorrgroted 
flox msssurs~sot (I t Eel. 

I(v - . . 
_ s*r.,ws 

(IaL 

I&- Inn” 

m-8 d d d m-1 ID- bo- 
tEum040 LWETI~ lvcl 

Ll.urs 8 - Svrmry of ..trophyslcal and cooooloSic.1 
eo.str.lots o. .sotri.o l sssss s.d llfstl.ss. Ll".. 

d 2 isdlests wee-lifstlms r.lstion.hip Ior 
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rem in W(S)); (2) hefty l sgo.cie.ebsrgs I . 

s; (3) the sbllit, to c.t.l,.. .gfl;;n.di- 
es, with s stro.9 Iatsrsctloo cross .sctioo: 
10-29 cm* (Be - q uelson-.ooopols rslstlrs osloelty). 
These three prop.rtlss lssd to very sCrl.gsdt sstro- 
physIcslleosmologIcs1 bemods .o the relic flux of me‘- 
OstlC .ono~ol... which 1 will briefly rsvlsv hers (s.s 
Pi‘. 9). 

The n . . . d.a.lt 
sz, is = 10-2' ‘ cm- 

J lo our osighborhood of the g.l- 
--tbs mooopols contribrtioo mm- 

oat exceed this. This lssds to SD 'Iron-elsd' n eaopols 
r1ux lilit of 

I $ 3 I 10-lo(lO" Cs,/m) em-2sr-1s-1. (24) 

Ill.;. sod throughout 1 -111 sss.m. Lb.1 the n oaopol. 
rslae1ty I. = 10-J e. Aoy imltl.1 rslelty the .osopol. 
hsd et birth bee long slots bsso rsdshiltsd ..sy. All 
eootsmporsry sccslsrstloo mschsaisms (#elsetie l sgnstic 
fI.ld. grsrit.tio.sl field of the 8slsxy. poeolisr rsl- 
oeit, r.1.t . . to the Rubble flow. e.) 1o.d to s rsl- 
oeity o f lo- e.1 If mooopolso do oat elustsr lo the s.l- 
sxy sod lostssd srs smoothly dlstrlbotsd in the cosmos. 
then thslr caotrlbutioo 

5 
o 

xperit - 4 . 10-29 s em- 
the mess dsosity n mst be z 

, r.sultl.~ I. the bound. 

Y t 10-"(10'6 QsVlm) .m-2sr-1s-1. (2)) 

[The n sg.etie ffsld of es; gslsxy WI qolekl, eject all 
.oaopol.. le.. n . ..l~. tbs. shout 1 
thee l o.opo1.s 1s.. . srir. rhea 

0.v. .u~~..tl.8 

smoothly dl.trlbuC.d.f91 
10 QsV should be 

Wsgostie n ooopolss -111 be .e slsrst d b n sgostlc 
fields sod thereby 
‘.l=xY ( ! 

= 3 x lo- h 
0 slo K9 (2 x 10 s, cm- 1 C-I,. 1. th. 

3.1 I 10 ") 
C; coh.r.ocs lsf6t~,; ;z; yo*pe. 

this ..o".t. to * 6 I 10 
Ihs '110 ,RCB LUNCO PRIWCIILC’ ssys thst this sosrgy 
gel. mmst be compsosstsd for by . loss 10 ms9ostIc field 
sosrgy. Thu. s .o.o9ol. flux P will l..d to the dsesy 
et the ‘slsct~e field in'. time T . (‘*/9.)/(“4.P). 
109 yrs CIOvl em-2.r-1s-1/,) I6rlgl o r.ts (per wlum) 
et which .o.opol.. 9.I. Cr.] 
dytmmo es. 

6r6uiog tbst thssslsetle 
re‘... 

shorter then O(10 6 
.I. the n sg~stic field 1. . ti. me 

Jr.1 Perter obtsiacd th. bound 9 1 

P .$ 10-16tm-2sr-1s-1t 06) 

for .anopal.. more .ssslrc then shout 101' Gel the grsr- 
it.tlan.l effect. (of th. ‘.1.x,) .u.t be ret.. Into se- 
coo.1 sad.. sli9hcly lers stringent bound fallows (see 
ref. 46). the ‘?srksr bound' csn b. srsdsd If the me‘- 
n.t,c fl.ld of the ‘.1.x, 1. doe to n mgnstic pl.... 
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0..i11.t10..‘~*'~ (i o rbleb e... the tot@ . ..r6. oscil- 
l.tss bstrssm l s~nstle field sasrgy sod l ooopols KC). 
Althoo6b Ibis resosrlo .ssms rsth.r unliksly. It is l 
po..iblllt,, albeit exotic. lo order for the oscill.- 
tie.. to weld Lsod.u d.mpiog (In rhlch csss 'the ?srksr 
booed I. vslld). thq .o.opel. ph... ..loclt, .u.C .x- 
seed the g srltstlom.1 
.x7 1. lo- 5 .I. 

vsloelt, dir~.rsloo in the Cal- 
which l..d. to . lorsr booad to th. .*a- 

OQOh f1.X. 

I * 4 ..J(*fl-2, 

@O-l* ~./10'6~.9~e.-2~r-1.-1, 07) 

wb.ra f = 300 pe Is the cobsrsmes lsostb of tba )sl- 
.etic ..g..tle field. sad . is the 2i.oitatlon.l r.loel- 
ty disp.rslo. In the (slaoy (= lo-' e). This exotic 
po..Ibility ptsdict. . flux wbloh is bs9imnla2 to be 
19 eonfllet 81th iools.tleo-t,p. sssreh sopsriosats 
(se* ,16..9). 

The ‘?.rksr .r$um.mt’ h.r else bssm .pplisd to 
tb9 l rrrl~sl 0C lottiel..t*r l s*ostie 
salts 10 s mcb me*. strlogsot llmlt.~ f 

lslds. sod r.- 

I : 10-~'e.-*.~-l.-l. (28) 

lews~sr. Lb. ..i.t..e. of Lb... flsld. I. le.. well- 
..t.bli.b.d. 

Cell.. sod Rmb.ko.47 hsv. shown thst do. to 's- 
wa.. s.cki.6' .o.opol.. .borld.o.t 
with l ,lsr#s cross s.etios (o X0-2 1 f 

ly. .ucl.o. dscsy 
em ). sod ,tb. l o.t 

strio~~mt ll.It em tb. l o.opol. Il.. follo.. fro. co.- 
sidsrloc l ooo~ols cst.lysls of o.clson de..,. Thi 
bssic ides Is very simpls. Nooo9.1.. lmpionf~g rpoo 

'~~;~"~~;~~~~~"~:~~:,~~=;~~~~,~~~~~ ti,-~!:f,,)~ 
etc.1 ~111 loss s.fflel.ot sosr@y (through .l.etroalc 
~rsetloos) t. become esptorsd. Once losld. tbs.. 
ob~oets. 
10 sosrgy .t s ret* . 10 

they est.ly.s l .jis;; dray. th rsb~m';;sm;s 

::di%i-?+ 

llOJ , 
.o.o o'lsr this . ..r., ~~'t6f...ll..d aad CL.. 

rem t s marlso* al tb. obJ..t se soft .-t.ys 
(os.tros stsrsl. UT (rblts drsrfs). hut (Jupiter .ad 
th. ssrth). The wet strlo6sot limit CO~SS from osu- 
tr.0 ears. lo; sxsmpls. obssrr.tl.ns n sds by the 
Kl.stsi. I-rsy 9stslllts eoostrsio the ..mbsr of mom- 

y;;ri 
inside the old rsdio pslssr PSR 1929+10 to be 

: slaee the nuober of n oaopols. In PSI 1929+10 
is pr.portlon.1 to the n onapols flux. this csn be 
trsnslstsd into s flux bouod of 

? < 10 -*lw10-*9e.*)-l..-*.*-l.-l~ 
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MONOFOLE FLUX BOUNOS P440~3Cl .- 
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goti 
lom KP 

MONOPOLE MASS (GNV) $1 slvi’m~ 

vipure 9 - su...ry of Ch. ..rrophy.ie.l .“d c0s.010~1c.1 
co..rr.i.r. 0. Ch. .mopol. flu. .* . fuasrion of l ..0- 
po1. . . . . . “h.Z. .v.r “eC..st~y th* n nopol. v.10c1ry 
Y.. Uk.ll CD b? = 10-J C. 

d.t.ctio. of .uch . tiny flvr (= 1 Cl~icqo-~ yr-') i. . 
fotmidabl. (if ..r i.po..ibl.) t..kl Plur bouctda b..cd 
up.. . . .."r....c. of th. dill",. .oft r-r.7 b.ckground 
.md ..r..dfpito". . ..rch.. for x-r., poI.t ..z.rc.. ‘iv. 
comp.r.bl. 1Imic.. If th. .onopol.. c.prurcd by Lb. 
pro#*.itor (9 10 Ilo .C..) 0 vs. 1929t10 .r. r.tq. into 
.CCO"IIL, th. bound b.co...: $4 

I a 2.10 -*~(~6/10-*~~.*)-‘~.-~,~-‘.-‘, (30) 

corr..pondi.~ to .lighrly l... rh.. 1 ..rrh -1 -1 
of rlmm. l o.epol. 11.x limit. (.u...rli.d In Pi;. i, 

All 

pr...cll . r..l ch.l1..9. to th. .ooopolr bunre./huntres.. 
tb... thr.. c... mrudi.. ..rv. to il1u.rr.r. how "..f"l 
l rd pau.rful ".rio". ..trophy.ic.l Znviro...nt. and rh. 
Imiv.r.. it..lf .r. .I no.-.r..d.rd BE? 1.bor.tori.a. 

Co.mol.97 ..d p.rticl. pb,.ic. both h.v. v.rg .UE- 
c...f.l .t..d.rd l od.1.r th. b.t bia b..g god.1 which 
)r..id.. . r.li.bl. .ce.uorin~ of Lb. hl.tory of the 
omi~.r.~ fro= 10-2 ..c rmtll tadmy, ..d th. U(3) x 
SO(I) x U(l) mod.1 rhlcb .es"r.t.ly d..crIb.. p.rriclc 
pbymic. .t ..*r~i.. * 103 c*v. W.&r... ia both fi.ld. 
b.. co.. to d.pad up.. th. link b.tu..a rh. two. ‘Th. 
1mm.r ap.c*lOuL*r sp.c. Co.n.ctio.‘. Th. i.r.rp1.y b.- 
t.... cb... two fi.ld. h.. .lr..dy produced . . . . ..r, 
l xeitias .nd Import..t r.."lt.--b.ryq.n..i., ‘th. 
n emop.1. prob1.m'. th. i.fl.rion.ry Q.iw.r.. p.r.dipm. 
ma..r... e.ndid.ta. for the d.rt ..tt.r, ..d .rrin9..r 
commtr~lmc. ea o.utrlno.. mxion.. ..d .o.opol... fh. 
fmtura ot r....rcb in tbi. f.r.rdi.cipli..ry field 
promi... to b. ..citin,. mod I b.1i.v.. will ..r, likely 
pro-id. “. rltb . . . . ..I .“rprl.... Alo. thi. Ii.. 1.t 
. . cose1.d. with . . . . .ob.rinl tboqht. .bout infl.tio.. 
l.fl.tl.. i. .xcr.,.ly .ttr.crir. beemum. it off.r. 
the po..ibility of r..olvin~ . 0u.b.r of v.ry fund..co- 
t-1 co.~olo~ie.l pussl.. with '..l.tlv.ly v.ll-know. 
ph~.:e.* (IS0 tr...itioa. in I.“‘. th..cl..). 8.r.v.r. 
m .c...rio rbfeh ,...r.r.. . . ..or..". ..o"nt of ..- 
tmp, tn.. Lb. . . . . poc..tl.l (m, p.rticl. cre.tio. 
by ,u.ot.. 9t.rit.rio..l proc..... d"r1.s the pl..ck 
.pocb. ..trop, cr..cio. du. La co.p.crlfic.tio. In . 
Kalmsa-Klmin th..r,, -1. Ulrh r.a.rd LO ..d.r.c.nd- 
img th. formation of .tt.c~ur. 1. th. Onivmr... .crin~.S6 
ProtSd. . pot..tl.lly ..r, .ttr.etlv. .lt.r..tlv. LO ths 
craatio. Of f.di.b.tic) d.n.ity p.rr"rbatlon.. Th. TWO 
Lay pr.diCt1.n. of Infl.Ci.., n . 1 t lo-bfc f .nd rh. 
Zal'dovieh .p.err.. of d...ity p.rturb.tIon.. .r. .O 
co.r.lo9lc.ll~-e..p.llrl. th.t I e8a.id.r the. co b. P 
r.q"fr....t for .(I, ri.ble c.nd1d.t. ..rly "nfv.r.. 
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l emamrio (th. ..t. 1. Smt imto th. s.... l . to l p..!). 
l nd if ob..rr.tio..ll, r.rif1.d c....t rmmll, b. eon- 
.Id.r.d t. bm m rsrfficmtioa of ioflmtioa. 

Thl. tmlk Y.. . ..nt to be . brimf ormrri.., rmthmr 
thmn . thor.u,h r..i.r, of l . .xcfti.S l tad rmpidl, Sror- 
in, fimld (mod Y.. .ritt.. omdmr Srmmt dur...l). I 
hmr. trimd t. cit. t.,. p.p.r. mod rm.1.r. rhich eon- 
t.1. ..T. eo.pl.t. 1i.r. of rmfmrmnc.., rmthmr tbma to 
prowid. . tb.r.uSh 1i.t of r.f.r..c... t .p.lo*i.. for 
., .rr.r. of o.i..foa. both 1. l ubjmct ..t.ci.l l md in 
th. 11t.r.t.r. c1t.d. Ihi. work “mm l apportmd b, tb. 
DO% both l t I.r.1l.b mod Cb1c.g. (ACO2-SOW-10773 AOO4). 
b, "ASA l t ?.r.il.b. mad b, th. Alfrmd P. Slo.. looadm- 
tie.. 

1. A. 
2. A. 

IBlltRlIllCIS 
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